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ABSTRACT 


A  Central  issue  in  the  desiga  of  a  packet  switched 
coeaunications  netvotk  is  the  davelopaent  of  ar.  efficient 
routing  protocol «  which  deteraines  the  routes  followed  by 
the  inforaation  as  it  traverses  the  network.  The 
perforaance  of  a  static  routing  protocol  that  allows  for 
aultiple  path  routing  based  on  the  use  of  routing  fractions, 
is  analyzed  using  coaputer  siaulation.  Coaparison  is  aade 
between  the  perforaance  of  this  protocol  and  rhat  of  a 
ainiaua  nuaber  of  hops  routing  protocol.  Routing  fractions 
calculated  by  two  different  aethods  are  used  and  their 
relative  perforaance  analyzed.  A  coaparative  analysis  is 
done  of  the  perforaance  of  this  protocol  when  using  virtual 
circuit  service  and  datagraa  service  in  the  network. 
Provision  is  aade  to  extend  use  of  the  siaulation  program  to 
analyze  dynaaic  routing  cases  using  routing  fractions. 
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I.  IgTHODDCTIJir 


A.  GENERAL 

In  recent  ysars  w®  havs  baan  axpsriencina  3 
tachnclogical  coaver gen ca  of  compitars  and 

tslecommunicaricns  in  such  a  way  rhar  ir  has  baccm? 
difficult  zo  saparate  whar  is  processing  and  what  is 
comaunication.  The  constant  iaprovamenn  in  coapunar 
processing  spaed  and  storage  capacity  tcgethsr  with  •'•hair 
reduction  in  price  and  size,  hava  definitively  influenced 
this  change,  making  it  increasingly  attractive  to  usa 
prograaaable  computers  to  control  communication  networks  and 
process  the  information  transaittad  through  them.  This 
allows  the  integration  of  traditional  communications  with 
computer  networks  and  distributed  systems,  while  using  the 
same  means  of  transmission,  and  thus  reprassnts  a  more 
efficient  use  of  the  communication  channels.  This  situation 
creates  the  nacesity  for  the  development  of  naw  transmission 
techniques  that  can  accomodate  tha  raquireaants  of  higher 
data  rates,  as  well  as  procedures  to  handle  larger  volumes 
of  information. 

A  kind  of  network  that  is  becoming  increasingly  popular 
is  the  Packet  Switched  network.  Crucial  to  the  design  of 
this  kind  of  network  is  the  development  of  efficient  routing 
procedures,  which  determine  the  routes  followed  by  tha 
information  as  it  traverses  the  network.  The  present  study 
represents  further  work  in  that  direction  and  as  such 
involves  the  analysis  of  a  routing  procedure  that  uses  so 
called  Routing  Fractions. 
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B.  COHHOHICillON  NBTBOBKS 


•v'  ^ 


k-Vn 

fv'v> 


Th<3rs  ars  two  basic  typas  of  coamunica t io r.  -iTwcric 
architacturas:  Point  to  Point  and  Broadcast.  In  p'in-  to 

point  architectures  the  network  normally  cor.-iir.s  r.uu=rou3 
channels  (we  will  call  them  links),  which  may  b-  iiol -rn^nted 
by  a  band  of  frequencies,  cable,  optical  fiber,  **c, 
connecting  a  pair  of  stations  (we  will  call  thoa  nodes).  If 
two  nodes  which  are  not  connected  by  a  lint  wish  to 
communicate,  they  must  do  so  indirrctly  via  one  or  oo-^ 


intermediate  nodes.  This  characteristic  allows  for  a  w-.i- 
variety  of  network  topologies.  I-  is  also  nr.  iapor-r-- 
feature  when  interconnecting  nodes  to.r.t  are  far  aoart  fi'o 
each  orh*r,  oy  allowing  ’■he  U'-  of  a  variety  of  altirnat. 
routes  in  case  of  link  failure  or  congest. on  s..taitio:is . 

In  a  point  to  point  network,  if  the  links  selected  for 
the  communication  are  used  exclusively  by  the  two  nodes  for 
the  duration  of  the  communication,  the  technique  is  celled 
•'line  switching”.  In  this  case,  both  the  nodes  and 
interconnecting  links  must  be  free  before  the  information 
can  start  to  be  sent.  A  classical  example  of  the  use  of 
this  technique  is  the  public  telephone  network  where  all  th- 
links  between  the  caller  and  recipient  of  the  call  will  be 
held  for  their  exclusive  use,  until  the  end  of  the 
ccmmunication.  If  one  or  mere  of  these  links  or  the  node 
called  is  busy,  the  call  setup  cannot  be  completed,  and  a 
busy  tone  is  received  at  the  calling  node  to  indicate  *rhe 
procedur«»  must  be  restarted. 

If  instead,  the  links  can  be  shared  by  two  or  mere 
communications,  and  the  information  that  is  received  a”  an 
intermediate  node  may  be  stored  thera  until  the  required 
output  link  is  fr^e  and  then  forwaLded,  th =  technique  rs 
called  "store  and  forward".  The  node  caller  (scarce  node) 
does  not  have  to  wait  for  all  tae  links  involved  in  the 
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communication,  or  tha  dastination  nsds,  to  be  free  before 
starting  to  sand  the  information.  In  most  cases  this  allows 
for  a  more  efficient  use  of  resouroas,  othar  advantages  of 
point  to  point  architectures  include  thair  ability  to 
support  simultaneous  transfer  of  information  batween 
different  stations  in  the  network,  and  the  use  of  high  speed 
links  to  speed-up  this  transfer. 

In  broadcast  architectures,  there  is  a  single 

communj.cation  link  shared  by  all  nodes,  so  that  information 
sant  by  any  node  is  received  by  all  other  nodes.  Satellits 
and  Bus  architectures  are  some  examples  of  this  type  of 
networks.  Since  there  is  only  ona  path  for  all 
communications,  the  total  overall  transfer  rate  of 
information  is  limited  by  the  bandwith  and  speed  (capacity) 
of  that  single  channel,  and  its  failure  can  cause  complete 
system  failure.  Another  limitatioa  of  this  architecture  is 
interference  between  stations  requesting  the  use  of  the 
channel,  so  that  some  kind  of  contention-resolving  or 
polling  scheme  must  be  used,  making  it  more  complex  and  less 
efficient. 

Broadcast  architectures  are  used  mainly  in  local  area 
networks  (LAN)  .  There  the  cosmunication  problem  is 
restricted  to  short  distances  and  usually  higher  capacity 
links  (1-10  megabits  per  second)  are  available.  Examples  of 
this  kind  of  architecture  are  Ethernet  from  Xerox 
Corporation,  and  Hyperbus  from  Network  System  Corporation. 
In  this  thesis  we  will  concentrate  on  store-and-forward 
networks  and  in  particular  on  so  called  "Packet  Switched" 
networks. 
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II.  PICKET  SHITCHBD  I5I10H5| 


i.  6BHBB&L 


Perhaps  the  most  popular  kial  of  stora  and  forward 
network  today  is  the  packet  switched  network.  In  these 
networks  the  communications,  or  messages,  are  subdivided 
into  fixed  length  parts  called  "Packets”  (usually  the  packet 
size  is  around  1000  bits).  Packets  are  transmitted  through 
the  network  using  the  best  route  selected  by  the  routing 
protocols  (see  Chapter  III) ,  wich  exists  at  the  time  the 
packet  is  released  into  the  network.  Each  packet  traverses 
the  network  intermixed  with  packets  of  other  messages. 

The  main  advantage  of  packet  switched  networks  over  line 
switched  networks  is  the  conservation  (reduction)  of 
switching  time.  With  line  switching,  a  complete  path  of 
communication  must  be  set  up  between  the  source  and 
destination  node  before  the  communication  begins.  Path  setup 
is  established  through  a  signaling  process.  Before 
transmission  of  a  message,  a  reservation  signal  is  sent 
towards  the  destination.  While  traveling  node  by  node  to  the 
destination  node,  the  signal  reserves  links  along  the  path. 
If  at  any  intermediate  node  it  cannot  find  a  free  link,  it 
waits  for  a  link  to  become  free  while  holding  the  links  it 
has  reserved  so  far.  When  a  link  becomes  free  it  reserves  it 
and  goes  to  the  next  node  to  repeat  the  same  process.  When 
the  signal  reaches  the  destination  node,  a  path  has  been 
reserved  between  source  and  destination  nodes.  As  shown  by 
Kermani  and  Kleinrock  in  (Ref.  1],  as  the  input  traffic 
Increases,  a  network  using  line  switching  saturates  very 
quickly  and  the  message  delay  increases  rapidly.  This  rapid 
saturation  is  the  result  of  the  overhead  imposed  by  the 


switches  to  set  the  path,  which  are  slow  relative  to  the 
duration  of  a  sassage.  Because  of  rhe  reservation 
operation,  and  the  exclusive  use  of  a  path,  line  switching 
is  not  a  good  choice  particularly  if  traffic  load  is  high, 
since  it  causes  a  substantial  decrease  in  the  network 
carrying  capacity.  Therefore,  for  cossunication  networks 
which  have  aany  nodes  and  require  the  exchange  of  large 
nusber  of  sassages,  the  principles  used  in  packet  switched 
networks  can  provide  a  better  cossunication  scheme. 

Packet  switched  networks  support  apparent  full 
connectivity  asong  the  nodes  by  virtue  of  the  store  and 
forward  nature  of  the  systes.  Typically,  packet  switched 
networks  use  fewer  than  (3II/2)  bi-directional  (duplex)  links 
(where  if  is  the  nusber  of  nodes)  ,  whereas  a  fully  connected 
network  requires  (N  x  (!f-1)/2)  duplex  links.  Packet 
switched  networks  allow  traffic  to  be  concentrated  on  higher 
speed  or  lower  cost  links,  as  required  to  reduce  channel 
costs  and/or  transsission  delays.  They  also  allow  sending 
traffic  through  alternate  routes  and  around  failed  or 
congested  links  or  nodes,  increasing  channel  utilization, 
reducing  transsission  delay,  and  saking  the  network  more 
robust  and  dependable. 

Packet  switched  networks  require  that  each  node  be  able 
to  process  certain  inforsation  about  the  packet  itself,  and 
about  the  network  structure  and  status,  in  order  to  assign 
the  correct  routing  to  the  packet.  Bue  to  this  r squires ent 
and  the  further  need  for  high  speed  processing  to  operate 
efficiently,  each  node  in  the  network  is  isplesented  with  a 
prograssable  cosputer  that  controls  its  operation  and 
regulates  its  participation  in  the  network. 

Packet  switched  networks  allow  for  the  transsission  of 
both  data  and  digitized  voice  coasunications,  but  sose 
special  considerations  sust  be  taken  when  doing  this. 
Delays  in  data  coasunications  are  not  as  critical  as  in 


voic«  coBmunicatlons*  aod  allow  che  storage  and  further 
reassembly  of  the  packets  to  recreate  the  original  message 
(as  long  as  all  the  packets  corresponding  to  a  message 
eventually  arrive  to  the  iesrlnatioc  node).  Nevertheless, 
bit  errors  or  packet  losses  are  intolerable  for  data 
coBBunications,  and  a  procedure  for  error 

detection/correction  is  regained  for  proper  operation.  In 
contrast,  voice  coBBunlcatlons  allow  for  soae  level  of  bit 
error  and  even  packet  loss,  since  the  receiver  (the  human 
brain)  will  in  aost  cases  interpolate  and  Bake  up  for  the 
errors.  Actual  experiaants  show  that  when  the  lost  packets 
constitute  lass  than  1A  of  the  offered  voice  traffic, 
ccofortable  conversation  can  be  aaintained  [Bef.  2].  On  the 
other  hand  voice  cobb  uni  cations  caguire  near  real-tiae 
processing,  and  do  not  accept  out  of  order  packets.  Baking 
it  necessary  to  iapleaent  soae  kind  or  priority  scheme  that 
will  give  precedence  to  voice  packets  over  data  packets,  and 
a  routing  procedure  that  will  ensure  tha  delivery  of  packets 
in  the  sane  order  they  were  generated.  Speech  packets  must 
Best  a  strict  overall  delay  constraint  of  less  than  200-500 
ailiseccnds  [Bef.  3]  for  coafortabls  conversations,  this 
makes  it  iapcactical  to  store  the  packets  of  a  nessage  in 
the  receiving  node  until  the  last  one  arrives  and  then  to 
reorder  then;  it  also  constrains  the  maximun  number  of  links 
they  can  traverse.  This  constraint  must  be  taken  into 
account,  particularly  when  designing  the  network  topology 
and/or  assigning  link  capacities,  in  order  to  ensure  that 
packet-time  delay  does  not  render  voice  communications 
useless. 


B.  0ATB6BAH  AHD  f IRTUAL-CIBCUIT  SBB7ICES 


There  are  two  basic  kinds  of  '•sarwice'*  that  a  packet 
switched  network  can  provide,  in  raference  to  the  way  it 
delivers  its  packets:  Oatagraa  service, and  Virtual  Circuit 

service.  In  datagran  service  the  packets,  which  are 

referred  to  as  "datagraas",  are  treated  as  independent 
entities,  that  is,  each  packet  of  a  aessage  is  routed  and 
delivered  independently  of  the  other  packets  of  the  same 
aessage.  There  is  no  enforced  relationship  between  the 

order  in  which  one  node  en-^ers  datagrams  into  the  network 
and  the  order  in  which  these  saae  datagrams  arrive  at  their 
destination  node.  The  use  of  this  scheme  requires  each 
datagraa  to  contain  the  whole  inforiation  necesary  for  its 
routing.  Therefore,  each  packet  will  typically  contain  in 
its  header  the  destination  node,  the  aessage  to  which  it 
belongs,  packet  nuaber,  and  any  other  information  required 
by  the  particular  routing  scheme  iapleaented. 

By  contrast,  the  virtual  circuit  is  a  sequenced  service, 
that  is,  the  order  in  which  the  packets  are  entered  into  the 
network  is  the  saae  order  in  which  they  arrive  at  their 
destination  node.  This  is  guaranteed  by  requiring  that  all 
the  packets  of  a  aessage  follow  the  saae  route  as  the  first 
packet  of  that  aessage.  Id  this  case  each  packet  needs  only 
to  carry  in  its  header  an  identif icaticn  of  the  virtual 
circuit  to  which  it  belongs,  and  the  different  nodes  will 
autoaatically  route  it  thorough  the  links  that  correspond  to 
the  virtual  circuit. 

A  virtual  circuit  reseables  the  line  switching  technique 
in  the  sense  that  all  packets  of  a  aessage  traverses  the 
saae  path,  but  differs  froa  it  in  that  aore  than  one  virtual 
circuit  nay  siaultaneonsly  include  the  saae  link  as  part  of 
the  route  for  its  packets  and  thus  share  the  use  of  that 
link.  Another  important  difference  is  that  if  a  link  or 
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nod<3  fails,  th«3  packet  eay  be  csated  through  alrarnats 
routes  and  coe a uni cation  is  not  lost  as  it  would  occur  with 
line  switching. 

Each  virtual  circuit  requiras  an  explicit  setup 
procedure  (generally  done  by  the  first  packet  of  a  message 
or  a  "request* to^send"  packet)  which  establishes  the  route, 
followed  by  a  data  transfer  and  an  explicit  shutdown 
procedure.  Once  the  "circuit"  has  been  set,  individual 
packets  do  not  have  to  carry  their  destination  address, 
since  ±z  was  specified  during  setup,  allowing  them  to  carry 
more  data.  Packetixed  virtual  circuits  emerge  as  a 
promising  approach  to  pura  voice  packet  networks  [Sef.  4]. 

Virtual  circuits  appear  to  the  end  users  as  if  they  were 
dedicated  lines;  however,  within  the  network  many  different 
virtual  circuits  share  the  sane  coinunication  links.  The 
network  model  that  we  chose  for  this  study  can  bs  configured 
to  provide  either  virtual  circuit  or  datagram  service.  This 
characteristic  allows  us  to  compare  the  behavior  of  the 
routing  algorithm  for  each  case. 

Some  examples  of  networks  that  provide  these  kind  of 
services  are  IBa*s  System  Network  architecture  (SNA),  which 
provides  virtual  circuit  service,  and  DEC'S  Digital  Network 
Architecture  (DNA)  ,  which  provides  datagram  service. 

C.  lETVOBK  LATEBS  AND  PBOTOCOLS 

In  order  to  simplify  design  complexity,  most  networks 
are  organized  as  a  series  of  layers  or  levels,  each  one 
built  upon  its  predecesor.  The  purpose  of  each  layer  is  to 
offer  certain  services  to  the  higher  layers,  shielding  them 
from  the  details  of  how  the  services  offered  are  actually 
implemented.  The  rules  and  conventions  that  govern  the 
timing  and  forward  of  data  exchange  between  layers  are 
called  protocols,  and  the  set  of  layers  and  protocols  are 


called  the  network  architecture.  The  basic  alas  of  a  network 
architecture  are  that  the  network  has  its  functions  clearly 
defined  and  applications  and  coaeunications  ace  separated. 
At  the  saae  tiae,  the  applications  interface  to  the  network 
aust  be  as  siaple  as  possible. 

There  is  no  unique  layered  structure,  but  for  this  study 
we  will  use  the  one  adopted  by  the  International  Standards 
Organization  (ISO) ,  which  is  a  seven  layer  network  aodal 
called  the  "Eeferance  flodel  of  Open  Systeas  Interconnection*' 
also  called  3SI  [Bef.  5].  The  different  layers  cf  this 
model  are: 

(1)  Physical  Layer 

(2)  Data  Link  Layer 

(3)  Bet  work  Layer 

(4)  Transport  Layer 

(5)  Session  Layer 

(6)  Presentation  Layer 

(7)  Application  Layer 

The  Physical  Layer  deals  with  the  actual  trinsaisslon  of 
the  raw  bits  over  the  coaaunication  link.  It  is  the  set  of 
electrical  or  aechanical  functions  required  to  establish, 
aaintain  and  release  physical  connections  between  the  codes 
and  transaision  circuits  (links).  Its  aain  purpose  is  to 
ensure  that  if  a  bit  1  was  sent,  the  receiver  gets  a  1  and 
not  a  0.  No  consideration  is  tnken  with  the  inforaation 
content  of  the  bits,  nor  with  character  or  fraae  boundaries. 

The  Data  Link  Layer  aoves  one  step  away  from  the 
Physical  Layer,  and  its  purpose  is  to  present  the  network 
with  an  error  free  cosaunication  link.  This  layer 
establishes,  saint  alns  and  releases  a  link  connection 
between  two  nodes.  This  involves  the  division  of  data  into 
fraaes,  and  the  corresponding  Bschanisas  to  transait  thea 
sequentially,  detect  any  error  in  their  transaission,  and 
process  the  acknowledgaent  sect  back  by  zhe  receiver,  since 


th9  Physical  Layer  aerely  trarsaits  a  strsaa  of  bits  wirhcut 
regard  to  rheir  leaning  or  structure,  it  is  up  to  the  data 
link  layer  to  create  and  recognize  fraae  boundaries. 

The  next  layer,  the  Network  Layer,  represents  the 
concern  of  this  thesis.  It  dateraines  the  main 
characteristics  of  the  units  of  inf area tion,  or  packets,  and 
how  they  are  exchanged  and  routed  through  the  network.  This 
layer  is  also  called  the  Coaaunications  Subnet  layer,  since 
it  receives  aassages  froa  the  originator,  divides  them  into 
packets  and  ensures  that  they  are  correctly  received  at 
their  destination,  and  in  the  proper  order.  It  masks  all 
switching  and  direction  consideration  from  the  higher  level 
layers.  It  is  in  this  layer  that  the  kind  of  service  the 
network  will  provide  is  determined  (virtual  circuit  or 
datagram)  ,  and  thus  it  contains  the  corresponding  procedures 
to  handle  it.  Routing  protocols  are  therefore  the  heart  of 
the  network,  and  their  effectiveness  and  efficiency  will 
affect  the  overall  perfozaance  of  the  network,  probably  more 
than  any  other  protocol. 

The  next  four  layers,  have  to  do  with  the  way  the 
different  processes  in  each  node  communicate  between  them, 
and  with  processes  in  other  nodes  (Iransport  and  Session 
Layer)  ;  and  the  interfaces  with  the  actual  users  of  the 
systes  (Preseutatlon  and  application  Layer)  . 

The  transport  layer,  also  known  as  the  host-host  layer, 
accepts  data  from  the  session  layer,  splits  it  into  smaller 
units  if  needed,  passes  these  to  the  network  layer,  and 
ensures  that  all  the  pieces  arrive  correctly  at  the  other 
end.  It  creates  a  distinct  network  connection  for  each 
transport  connection  required  by  the  session  layer,  or  nay 
■ultiplex  several  transport  connections  onto  the  same 
network  connection,  to  reduce  the  cost.  In  all  cases,  the 
transport  layer  makes  these  network  connections  transparent 
to  the  session  layer.  I  his  layer  is  a  true  source  to 


destination  or  end-to-®nd  layer,  so  a  program  on  the  scare® 
code  carries  on  a  conversation  with  a  similar  program  on  rhe 
destination  node,  using  message  headers  and  control 
messages.  In  contrast,  at  lower  layers  the  protocols  are 
carried  out  by  each  node  and  its  immediate  neighbors 
(chained- layer)  . 

The  session  layer  represents  the  true  as®r  interface  to 
the  network.  It  establishes  the  logical  connection 
(session)  between  users  cr  presentation- layer  processes  in 
different  nodes,  and  maintains  and  releases  it  at  the  users 
request.  To  do  this  it  converts  names  to  addresses,  checks 
for  access  permission,  type  of  communication  (half  duplex  or 
full  duplex),  etc.  It  also  provides  connection  services 
such  as  recovery,  diagnosis  and  statistics  (mainly  for 
performance  measurements  and  billing)  .  In  some  networks  the 
session  and  transport  layers  are  merged  into  a  single  layer. 

The  presentation  layer  performs  functions  that  are 
requested  sufficiently  often  by  the  users,  it  is  then  better 
to  have  the  system  provide  them  as  services,  rather  than 
allow  each  user  to  perform  them  in  its  own  way.  These 
services  include  any  conversion  of  information  that  night  be 
needed  as  it  is  transferred  between  end  users.  Some 
examples  are  data  compaction,  expansion,  encryption,  sending 
and  receiving  formats,  convertion  of  data  types  and  data 
representation,  terminal  handling  and  file  transfer. 

The  application  layer  represents  the  highest  level  layer 
in  the  network.  Its  contents  usually  depends  on  the 

individual  users,  since  they  are  the  ultimate  sources  and 

destinations  of  information  passing  through  a  network.  The 
application  layer  does  not  become  directly  involved  in 

communication  functions,  and  thus  the  need  for  the  end  user 

to  know  about  internal  communications  procedures  and 
protocols  of  the  network  is  eliminated.  Ihe  presentation 
layer  represents  the  domain  of  the  network  users,  while  the 


III.  HOPTiaS 


i.  DBPIHZTIOB 

A  central  issue  in  the  desigi  of  a  Pachat  Switching 
Hetworh  is  the  selection  of  the  routing  protocols  which  are 
responsible  for  deciding  the  path  to  be  followed  by  a  packet 
as  it  traverses  the  network.  The  basic  concern  of  a  routing 
protocol  is  the  efficiency  of  the  infornation  transfer.  Its 
main  goal  is  then  to  determine  the  optimal  (best)  routing 
policy^  i.e.^the  set  of  routes  over  which  packets  hava  to  be 
transeitted,  in  order  to  optieise  a  well  defined  objective 
function  (like  delay t  cost,  throughput,  etc.).  It  asuees 
that  the  integrity  of  this  transfer  is  provided  by  other 
protocols  (error  protection,  duplicate  detection,  security, 
etc)  . 

In  optielzing  an  objective  function,  as  for  ezanple 
ainiaua- delay,  we  can  use  two  diffarent*  criteria:  Ct/tiaize 

the  average  systea  delay,  or  optiaize  the  individual  delay 
for  each  source-to-destination  traffic  requirement. 
Fortunately,  lost  routing  solutions  obtained  using  these  two 
approaches  turn  out  to  be  siailar  (less  than  IX  difference), 
especially  for  large  networks  with  unifora  requireaents 
[Baf.  6].  The  systea  optiaization  approach,  as  we  will  see, 
is  generally  used  in  static  routing  problems,  while  the 
individual  or  user  optiaization  concept  is  aost  coaaon  in 
dynamic  renting  problems. 

The  degree  of  difficulty  of  the  routing  problem  in  any 
network,  is  strongly  influenced  by  the  network  topology.  In 
a  star-connected  network  with  full  duplex  links,  for 
ezaaple,  only  the  control  node  lust  have  the  routing 
infornation  since  all  traffic  must  go  through  it,  and  the 
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routing  will  sinply  be  a  natch  of  the  destination  to  the 
output  link  that  connects  to  that  node.  Another  simple 
arrangenent  is  a  single  ring-connected  network.  If  the  links 
are  full-duplex,  traffic  can  reach  any  destination  from  any 
source  either  way  around  the  ring,  and  the  routing  algorithm 
can  be  quite  trivial,  needing  no  routing  table  as  main 
component  since  the  shortest  path  can  be  easily  computed 
from  the  destination  node  number.  But  networks  are  not 
always  that  simple,  and  more  and  more  sophisticated  routing 
protocols  are  required  as  the  complexity  of  the  network 
topology  increases.  Evan  without  knowing  the  details  of  the 
network  traffic,  it  is  possible  to  make  some  general 
statements  about  the  optimum  routes,  based  on  the  network 
topology.  One  example  is  the  Optimality  Principle,  which 
states  that  if  node  "B”  is  on  the  optimal  path  from  node 
to  "C",  then  the  optimal  path  from  "fl"  to  "C”  falls  along 
The  same  route. 

Some  of  the  most  important  packet  switched 
communications  networks  in  current  operation  are  TIflNET 
(Public  ccmmoh  carrier  network  based  in  the  O.S.)  ,  TRANSPAC 
(French's  Government  PIT  data  network),  ARPANET  (U.S. 
Department  of  Defense  Computer  Network),  SNA  (IBll's  System 
Network  Architecture)  and  DNA  (Digital  Equipment 
Corporations  Digital  Network  Architecture)  .  The  routing 
algorithms  used  in  these  networks  tarn  out  to  be  variants, 
in  one  form  or  another,  of  shortest  path  algorithms  that 
route  packets  from  source  to  destination  over  the  least  cost 
path.  Ihe  specific  cost  criterion  used  differs  among  the 
networks.  Some  use  a  fixed  cosr  for  each  link  in  rhe 
network,  and  usually  the  cost  is  assigned  inversely 
proportional  to  the  link  transmission  capacity,  in  bits  per 
second.  For  a  network  with  equal  capacity  links, 
minimization  of  the  path  cost  then  generates  a  minimum  hop 
path.  Links  with  high  error  rates  or  congestion  may  be 
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assigned  higher  costs  to  avoid  sending  too  much  traffic 
through  then.  Other  networks  atteapt  ro  estiaate  average 
packet  time  delay  on  each  link,  and  use  this  to  assign  a 
link  cost.  The  resultant  source-desrination  path  chosen, 
tends  to  be  the  path  with  ainiaum  average  time  delay.  Once 
the  best  paths  have  been  deterainei,  routing  tables  set  at 
each  node  are  used  to  route  individual  packets  to  the 
appropriate  outgoing  link. 

Shortest  path  with  single  routss  turn  out  not  to  be 
optimum,  if  the  long-term  average  network  delay  time  is  to 
be  minimized.  In  this  case  multiple  paths,  where  fracricns 
of  the  packets  at  a  node  are  assigned  to  one  of  several 
outgoing  links  (perhaps  on  a  probabilistic  basis)  ,  provide 
for  a  closer  to  optimal  routing.  This  kind  of  routing  has 
not  yet  been  used  in  routing  schemes  implemented  in 
operating  networks,  although  there  are  plans  to  incorporate 
this  procedure  in  future  routing  mechanisms  for  the  Canadian 
DiTAP&C  network  .  [Ref.  7].  In  the  present  study  we 
investigate  the  use  of  a  routing  protocol  that  allows  for 
the  routing  of  packets  over  multiple  paths. 

B.  STATIC  AND  DTNAHIC  BOOIIHG 

Routing  protocols  can  be  grouped  into  two  major  classes: 
Adaptive  or  bynamic  and  Nonadaptive  or  static.  Dynamic 
protocols  base  their  routing  decisions  on  measurements  or 
estimates  of  the  current  traffic  and  topology  of  the 
network,  and  their  routing  policies  vary  in  tine  according 
to  the  fluctuations  of  these  aeasurements.  Static 

protocols,  in  contrast,  make  those  decisions  independently 
from  the  current  status  of  the  network.  Their  routing 
policies  are  determined  a  priori  aad  are  tine  invariant.  For 
this  reason,  static  protocols  must  be  designed  to  provide 
satisfactory  performance,  on  the  average,  over  a  range  of 
traffic  intensities. 


If  a  dynamic  protocol  could  manage  to  adapr  perfectly  tc 
the  changes  in  traffic  and  topology  af  the  nstworlc,  it  will 
naturally  outperform  any  static  protocol;  but  traffic  loads 
vary  continuosly,  and  topology  changes  in  most  case?  can  not 
be  predicted,  so  dynamic  protocols  require  complicated 
computations  which  may  slow  the  operation  of  the  network. 
Furthermore,  sending  the  update  informaticn  through  the 
network  may  itself  increase  the  traffic.  Static  protocols, 
in  contrast,  are  usually  simple,  and  since  their 

implementation  is  done  before  bringing  up  the  network,  they 
do  not  affect  the  traffic  lead.  Nevertheless,  static  routing 
protocols  do  not  react  to  drastic  changes  in  traffic  or 
topology  in  the  network,  and  since  lost  traffic  is  bursty  by 
nature  and  equipment  malfunctions  are  not  infrequent,  they 
may  lead  to  congestion  and  misuse  of  some  of  the  links. 

Static  Routing  is  widely  used  in  network  design.  There 
we  are  interested  in  determining  whether  a  given  traffic 
pattern  can  be  accommodated  by  the  network,  and  if  it  can, 
what  will  the  average  delay  be.  Network  topology  is 
generally  designed  interactively  by  producing  small  changes 
(addition/deletioQ  of  links  or  rsducing/increasing  link 
capacities)  and  observing  the  effects  on  throughput  and 
delay  performance.  This  performance  evaluation  is 
accomplished  using  a  static  routing  algorithm.  R  method 
that  applies  this  process  is  the  ”Cut-Saturation"  algorithm 
for  the  topological  layout  of  packet  switched  networks 
[Ref.  8]. 

The  degree  of  adaptivity  of  a  certain  routing  protocol 
can  be  measured  in  terms  of  its  response  time,  that  is,  the 
rate  of  change  in  the  traffic  and  topology  of  the  network 
which  it  is  able  to  track  efficiently.  There  is  indeed  a 
whole  spectrum  of  solutions  to  the  routing  problem  between 
the  two  extremes  mentioned  (static  and  dynamic)  .  They  are 
characterized  by  different  response  times  and  used  for 
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differant  applications.  k  coaparati^e  analysis  cf  soma 
routing  alternatives  that  combine  static  and  dynamic  routing 
features  has  been  done  by  Rodin  [Raf.  9],  If  the  rate  of 
change  of  conditions  in  a  network  is  slow,  for  example,  a 
periodically  refreshed  static  routing  (or  "quasistatic”) 
protocol,  can  be  a  reasonable  solution;  but  if  it  is  fast,  a 
dynamic  routing  scheme  may  be  required. 

In  the  static  (or  quasi  static)  coating  enviromert,  the 
time  between  traffic  pattern  changes  is  vary  much  larger 
than  the  average  network  transmission  time,  so  that  the 
rooting  computation  can  be  performed  in  the  background,  at  a 
very  slow  rate,  and  without  increasing  the  load  on  links  or 
nodes  much.  In  the  dynamic  routing  enviroment,  on  the  other 
hand,  the  time  between  traffic  changes  is  comparable  to  the 
time  required  to  measure  such  changes,  compute  new  route'' 
and  implement  them.  In  this  case  we  must  be  concerned  with 
the  time  required  to  arrive  to  an  optimal  solution  and 
install  it  in  the  nodes,  and  the  amount  of  overhead 
intrgduced  in  both  link  and  node  usage.  The  frequency  of 
updating  routing  tables  represents  a  compromise  between  the 
desire  that  as  soon  as  a  change  is  detected  the  information 
is  immediately  made  known  in  the  network,  and  the  amount  of 
overhead  generated  by  the  updates. 

For  a  fixed  network  topology  and  fixed  traffic  pattern 
situation,  the  optimal  static  routing  protocol  represents 
the  optimal  routing  scheme.  For  deterministic  steady  input 
then,  dynamic  routing  protocols  that  use  the  system 
optimization  approach  must  converge  to  the  optimal  static 
routing,  that  corresponds  to  the  existing  traffic  pattern 
and  network  topology. 

The  effectiveness  of  different  static  routing  protocols 
relative  to  dynamic  routing  protocols  is  not  really  known, 
except  for  some  suggestions  from  simulation.  For  static 
routing,  a  well  known  lower  bound  for  delay  has  been 
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aeternined  by  Pratta,  Gsrla  and  Slaiarock  with  their  "P.ow 
Deviation  Method”  [  Bef .  10].  Thsra  is  no  corresponding 
lower  bound  known  for  dynaaic  routing,  but  in  some  cases, 
simple  dynamic  routing  schemes  give  delays  significantly 
lower  than  the  best  static  routing  delay  for  seme  specific 
network  topologies.  Examples  can  be  found  in  70N  [Bef.  11]. 
Simulation  studies  at  the  British  National  Physical 
Laboratory  indicate  that  the  addition  of  a  dynamic 
capability  to  a  shortest  path  (static)  routing  rule  may 
increase  throughput  by  as  much  as  50%.  [Bef.  12]. 

An  optimal  routing  strategy  will  then  use  a  dynamic 
protocol  that  behaves  as  a  static  one,  when  traffic  and 
topology  of  the  network  warrants  it,  and  as  a  normal  dynamic 
one  otherwise.  Such  a  routing  protocol  should  not  be 
sensitive  to  small  variations  in  the  traffic,  and  it  should 
allow  routing  through  multiple  paths  to  maximize  utilization 
of  resources  and  reduce  packet  time  delay. 


C.  OISTBIBOTEO  ABO  CENTBALIZED  BODIINS 


Perhaps  the  most  important  characteristic  that 
differentiates  the  numerous  routing  schemes  that  are 
currently  used  in  packet-s withched  communications  networks 
is  the  strategy  used  to  control  the  selection  and 
implementation  of  the  routes  under  different  network 
conditions.  McQuillan  [Bef.  13],  defines  four  categories  of 
control  strategies: 

(1)  Deterministic  Control 

(2)  Isolated  Control 

(3)  Distributed  Control 

(4)  Centralized  Control 

Deterministic  Control  implies  fixed  routes,  but  nodes 
have  precomputed  tables  which  can  be  manually  selected  to 
deal  with  line  or  node  outages.  An  example  of  this  kind  of 


r.9t¥orlt  is  the  SIT&  network.  Isolated  control  strategies 
inwolwe  decision  making  at  each  node  based  only  on  local 
information.  Information  is  not  awen  shared  with  adjacent 
nodes,  and  nhas,  changes  are  not  propagated  out  of  the  node. 
Distributed  control  allows  each  node  to  make  its  own 
decission  on  how  to  adapt  to  the  changes  in  the  network, 
based  on  information  obtained  locally  as  well  as  from  other 
nodes.  Furthermore,  this  strategy  tries  to  propagate 
routing  information  of  global  importance  to  all  the  nodes. 
The  last  category,  centralired  control,  assigns  the 
responsibility  for  all  routing  decisions  to  a  single  node, 
usually  called  the  Network  Routing  Canter  or  NBC  (possibly 
backed  up  by  alternate  nodes  in  case  of  failure).  In  this 
case,  all  nodes  must  report  their  status  and  any  network 
changes  to  the  NBC,  as  well  as  receive  and  adopt  routing 
decisions  fro*  it.  Of  these  four  categories,  the  two  most 
widely  used  are  Distributed  and  Centralized  Control.  Soma 
examples  of  networks  using  distributed  routing  are  ARPANET 
and  DATAPAC,  while  TTHNET  uses  centralized  routing. 

Regardless  of  whether  centralized  on  distributed  control 
is  used,  they  both  impose  in  the  network  a  cost  in  time, 
bandwith,  buffer  space  and  other  network  resources,  to  move 
routing  information  from  the  locations  where  routing 
policies  are  selected  to  where  they  are  enforced.  In 
addition,  if  any  dynamic  routing  scheme  is  used,  it  must 
overcome  a  problem  fundamental  to  them,  namely,  the  short 
time  interval  available  to  deliver  routing  information  to 
and  from  the  nodes  before  network  conditions  have  changed  so 
much  that  the  information  is  obsolete. 

For  dynamic  routing  protocols  we  prefer  for  the 
decisions  to  be  made  in  a  distributed  fashion.  The  reason 
is  that  using  the  centralized  approach,  the  time  it  takes 
the  NBC  to  receive  information  fro*  all  the  nodes,  calculate 
the  routing  strategy  and  send  it  back  zo  the  appropriate 


nod9s,  can  ba  so  long  that  the  routing  decision  may  be  ou^ 
of  date.  In  this  case  the  djnasic  routing  protocol  ray  loose 
its  adaptiyeness  and  salce  what  is  affectively  a  random 
change.  In  contrast,  distributad  schemes  do  net  have  as 
much  information,  since  we  can  usually  expect  to  have  only 
the  past  information  of  ^all  tha  network  (global),  the 
present  information  of  the  noda  (local),  and  partial 
inforaaticn  of  some  other  node  or  group  of  nodes.  The 
decision  rules  are  usually  simplar,  and  the  propagation 
delay  for  the  exchange  of  status  information  between 
neighboring  nodes,  can  also  be  smaller  than  if  sent  from  a 
centralized  center.  This  reduces  the  time  elapsed  between 
the  change  of  states  and  the  changa  of  the  routing  decision. 
A  distributed  scheme  reduces  rhe  reliance  on  a  cental  node 
that  may  fall.  It  may  also  diminish  the  effects  of  node  and 
link  failure,  since  in  a  cenrralizad  protocol,  the  routes  to 
be  used  by  tha  notification  of  such  failures  may  in  fact  be 
destroyed  by  them.  In  addition  it  can  avoid  the  increase  of 
traffic  overhead  in  the  proximity  of  the  HHC,  due  to  the 
periodic  collection  of  status  reports  from  all  the  nodes, 
and  the  distribution  of  routing  decisions  from  it. 

Although  no  mixed  scheme  has  yat  been  implemented,  in 
principle  it  is  possible  to  combine  routing  strategies  to 
compensate  for  each  other's  defficiencies,  and  therefore 
hope  to  reach  reach  an  overall  improvement  of  routing 
characteristics.  An  example  of  a  routing  protocol  that 
combines  centralized  with  distributed  routing  is  the 
Delta-Bouting.  In  this  scheme  the  central  controller  sends 
routing  tabl^  to  the  individual  nedes,  but  these  are  used 
in  conjunction  with  local  gueue  lengths  to  select  the  routes 
to  be  taken  by  individual  packets.  other  schemes  that 
combine  centralized  with  distributed  routing  are  discussed 
by  Chu  and  Shen  [Ref.  14]. 


D.  PLOl  C08TB0L  ilD  COIGBSTIOI  COHIBOL 


Ic  Bost  shared  coaa  uni  cation  networlcs*  resourcss  are 
diaensioned  to  aeat  less  than  the  peak  deaand  reqairsaents, 
due  to  cost  factors.  rhis  undardiaension  introduces  a 
reduction  in  the  usual  perfcraance,  which  should  be 
acceptable  to  the  users,  plus  a  rlslc  that  the  actual  traffic 
load  Bay  occasionally  exceed  the  level  where  acceptable 
perforaance  is  obtained.  The  traffic  lead  level  at  which 
acceptable  perforaance  is  just  aet,  and  where  any  increase 
in  it  will  Bake  perforaance  unacceptable,  is  called  the 
overload  level.  By  setting  this  level  the  designer  can  make 
the  risk  of  non^acceptable  perforaance  as  saall  as  he  wants. 
Therefore,  the  overload  level  is  the  network's  design  load 
level. 

In  a  packet  switched  coaaunications  network,  even  when 
the  traffic  level  does  not  exceed  tha  overload  level,  there 
is  a  need  to  control  the  rate  at  which  packets  flow  froa  one 
node  to  the  next  and  to  prevent  packets  froa  arriving  at  the 
receiver  at  a  rate  faster  that  it  can  handle  then.  He  aust 
also  Bake  sure  that  the  load  iaposed  on  the  path  between 
transaitter  and  receiver  does  not  exceed  its  capacity.  & 
aechanisn  to  allocate  resources  to  satisfy  user  deaands  as 
long  as  there  are  resources,  and  to  settle  contention  when 

the  network  runs  out  of  resources,  is  required.  This 

aechanisn  is  usually  called  Flow  control.  A  good  definition 
of  Plow-Control  given  by  Budin  [Ref.  15],  states  that  flow 
control  is  "a  systea  of  algorithas  which  are  used  in  a 

network  to  prevent  a  single  user  or  a  user  group  froa 

Bonopolizing  the  network  resources  to  the  detriaent  of  other 
users'*. 

Plow  Control  aay  be  dons  between  neighboring  nodes 
(local  control)  or  between  source  and  destination 
(end-to-end  control)  .  Between  neighboring  nodes  the  flow 


control  aechanisa  aost  b«  design  to  ensure  that  the 
transairter  sends  packets  at  a  rate  acceptable  by  the 
receiver  and  thus  protects  the  receiver  node  against 
over- flowing  its  packet  buffers  and  overloading  its 
processing  capacity.  Consequently,  it  places  liaits  on  the 
nuaber  of  packets  at  the  buffers  of  the  switching  nodes. 
Between  source  and  destination  nodes,  flow  control  aust  be 
designed  to  ensure  that  the  source  node  does  not  generate 
packets  for  the  destination  at  a  rate  higher  than  that  at 
which  the  latter  can  accept  then.  So  it  places  a  liait  on 
the  nuaber  of  packets  belonging  to  a  source^destinat ion 
pair. 

All  flow  control  aechanisas  eitaer  require  the  sender  to 
stop  sending  at  soae  point  and  wait  for  an  explicit 
go-ahead,  or  perait  the  receiver  to  discard  packets  at  will 
with  iapunlty.  Two  well  known  flow  control  aechanisas  are 
Stop-and-Hait  and  Sliding-Window.  Soae  analytic  aodels  for 
the  study  of  end-to-end  and  local  flow  control  can  be  found 
in  the  literature  [Ref.  16  3* 

When  the  nuaber  of  packets  released  into  the  network  by 
the  nodes  is  within  its  carrying  capacity,  they  are  all 
delivered  (except  for  a  few  that  aay  be  affected  by 
tracsaission  errors)  .  But  when  too  aany  packets  are  present 
in  part  of  the  network,  it  can  becoae  iapossible  for  packets 
to  aove,  because  the  queues  into  which  they  should  be 
accepted  are  always  full,  causing  the  network  perforaance  to 
degrade;  this  situation  is  called  Congestion.  Congestion 
can  be  brought  about  by  several  factors.  If  the  nodes  are 
too  slow  to  perfora  the  various  tasks  required  (queuing, 
updating  tables,  etc)  ,  their  queues  can  build  up  even  though 
there  is  excess  capacity  in  their  output  links.  On  the 
other  hand  even  if  the  processing  speed  of  the  nodes  is 
infinitely  fast,  queues  can  build  up  if  the  input  traffic 
rate  exceeds  the  capacity  of  the  output  lines.  This  can 
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happen  fcr  ezaapla  if  xvo  nr  more  input  lines  ace  delivering 
packets  all  nf  which  need  to  be  sent  by  the  sane  output 
link.  Congestion  tends  to  feed  upon  itself  and  become  worse 
if  nothing  is  done  to  control  it.  If  the  traffic  increases 
too  far»  performance  may  collapse  completely  and  almost  no 
packets  be  delivered. 

Hany  factors  can  cause  the  carrying  capacity  of  the 
network  to  be  exceeded  and  cause  congestion,  so  the  network 
must  be  able  to  react  and  take  some  action  to  control  it. 
Flow  control  techniques  cannot  really  solve  the  congestion 
problem  becat^e  traffic  is  bursty,  so  any  scheme  which  is 
adjusted  to  restrict  each  user  to  the  mean  traffic  rate  will 
provide  bad  service  when  the  user  wants  to  send  a  burst  of 
traffic,  even  though  there  is  no  congestion.  On  the  other 
hand,  if  the  flow  control  limit  is  set  high  enough  to  permit 
the  peak  traffic  to  get  through,  it  has  little  value  as  a 
congestion  control  mechanism  when  several  users  send  their 
peak  traffic  at  once.  Hhat  is  really  needed  is  a  control 
scheme  that  is  only  triggered  when  the  system  is  congested; 
this  scheme  is  called  Congestion  Control,  congestion  control 
is  therefore  the  set  of  mechanisms  whereby  the  network 
maintains  input  traffic  within  liiits  that  are  compatible 
with  its  carrying  capacity. 

In  most  packet  switched  networks,  if  a  packet  remains 
queued  for  too  long  at  some  node  before  arriving  to  its 
destination,  retransmission  will  occur  until  a  positive 
acknowledgement  is  received,  this  process  creates  the 
ability  to  generate  traffic  within  the  network  itself.  Hith 
high  volumes  of  traffic  the  generation  process  can  create  a 
traffic  volume  equal  to  the  remaining  capacity  of  the 
network.  Shen  this  critical  point  is  reached  all  buffers  are 
full  and  the  network  fails  and  reeains  with  no  throughput; 
that  is,  it  cannot  receive  or  successfully  transmit  a 
packet,  so  that  all  nodes  are  caught  in  a  deadly  embrace. 
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This  sztrsse  cass  of  congestion  is  called  Lock-up  and  is 
irreversible.  The  only  way  out  is  to  purge  the  locked-up 
traffic. 

The  general  strategy  is  thsrefore  preventative  in 
nature#  and  consists  of  controlling  congestion  in  the  first 
place.  If  infinite  buffers  were  provided  at  the  nodes# 
there  would  be  no  lost  traffic  aai  the  network  would  only 
congest  at  infinite  load#  well  above  the  overload  point  (the 
point  of  acceptable  delay) .  If  to  the  contrary  buffer  size 
were  very  saall#  the  network  will  congest  even  at  snail 
traffic  loads#  well  below  the  overload  point.  Thus  there  is 
an  optiaal  buffer  size  which  nakes  overload  and  congestion 
occur  at  the  sane  traffic  level.  Ihis  is  desirable  because 
it  is  better  to  have  a  congestion  control  nechanisn  that 
rejects  overloading  traffic  than  to  have  excess  buffers  in 
which  traffic  nay  spend  too  such  nine  to  be  useful. 

Without  effective  congestion  control#  packet  near,  tine 
delay  will  tend  to  infinity  and  throughput  will  tend  to 
zero#  as  the  network  approaches  the  deadlock  load.  With 
effective  congestion  control#  nean  tine  delay  and  throughput 
will  increase  until  they  reach  the  saturation  level  and  then 
stay  the  sane  (flatten)  #  renaining  insensitive  to  further 
load  increases.  The  curves  in  Pig.  3.1  show  network 
throughput  and  packet  transit  tine  delay  versus  offered 
load#  for  networks  with  and  without  effecrive  congestion 
control. 

It  should  be  apparent  that  with  effective  congestion 
control#  if  the  network  throughput  and  packet  nean  transit 
delay  flatten  as  offered  load  increases#  rhe  nean  adaittance 
delay  of  packets  to  the  network  by  the  nodes  nust  increase. 
Pig.  3.2  shows  a  conparison  between  adaittance  delay  and 
transit  delay#  for  packets  in  the  network#  as  offered  load 
increases. 


Network 


Network  mean 


A  =  With  effective  congestion 
control 

B  =  Without  congestion  control 


Offered  load 


Offered  load 


Figure  3.1  IHHOOGHPOT  ilO  TB&tfSII  OBLAT  TEBSaS  OFFERED  LOAD 

Some  common  types  of  strategies  used  in  packet  switched 
networks  for  dealing  with  congestion  use  pre-allocation  of 
resources,  choking  off  input  (that  is,  requiring  the  node 
sender  to  reduce  its  traffic  by  sending  it  a  Choke-Packet), 
packet  discarding,  ar.d  restricting  the  total  number  of 
packets  allowed  in  the  network  (Isacithmic  control)  .  Their 
effectiveness  and  performance  are  analyzed  extensively  by 


Mean  A  =•  Admitance  delay 


Figara  3.2  OFLAT  fZBSDS  OFFBBED  LOAD. 

SCHHABTZ  and  SAAD  [  B«f •  17  ]»  IrsLani  [Ref.  18]  and  Davies 
[Ref.  19].  Since  poor  routing  algorithms  often  lead  to 
congestion  problems^  and  local  congesnion  often  requires  at 
least  temporary  modification  of  conning  protocols,  the 
routing  problem  cannot  be  completely  divorced  from  that  of 
congestion  control.  However,  in  ttiis  thesis  we  concentrate 
on  the  routing  protocols  under  the  assumption  that  the 
better  they  ace,  the  less  congestion  is  likely  to  occur  in 
the  network. 


E.  H00TIH6  FBiCTIOBS 


Under  the  appropriate  assumptions  the  optimal  rou-.ing 
problem  can  be  formulated  as  a  nonlinear  multicomodity  flow 
problem,  so  that  mathematical  programming  techniques  can  be 
used  tc  solve  it.  All  the  routing  protocols  mentioned  so 
far  are  based  on  the  assumption  of  the  convexity  of  the 
objective  function.  A  very  popular  analytical  model  of  data 
communications  networks,  which  relates  the  packet  time  delay 
to  the  flows  and  capacities  of  the  links,  was  introduced  by 
Kleinrock  in  [Ref.  20].  In  this  aodel,  the  steady  state 
time  delay  in  each  link  is  calculated  explicity  as: 

Tij  *  1  /  (  Cij  -  Pij  ) 

where: 

i  :  Is  the  node  origin  of  Link  (i,  j)  . 

j  :  Is  the  node  termination  of  Link  {i,j). 

Tij:  Is  the  expected  delay  per  message  experienced 
by  messages  using  Link  (i,j). 

Cij:  Is  the  capacity  of  Link  (i,j)  in  messages  per 
s  eco  n  d . 

Fij:  Is  the  data  flow  rata  in  Link  (i,j)  f  r.  messages 
per  second. 

The  routing  assignment  is  then  selected  to  minimize  the 
expected  weighted  delay  "D**,  of  messages  traversing  the 
network,  where: 


D  «  SOM  (  Fij  X  rij) 

(i»  j) 


This  analysis  is  based  on  the  assumptions  that  traffic  in 
each  link  can  be  modeled  as  Poisson  message  arrivals  with 
independent  exponentially  distributed  message  lengths,  and 
that  queueing  delays  are  the  only  nonaegligibl®  source  of 


delay  in  the  network.  The  first  assumption  is  the  result  of 
Kleinrock*s  famous  "Independence  Assumption",  that  messages 
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loose  their  indeatity  at  each  nofls  and  are  assigned  nev 
independent  lengths.  The  second  assueption,  generalined  by 
Kleinrock  in  [Ref.  21 ]•  accounts  for  overhead  and 
propagation  delays.  Kleinrock* s  model  is  appropriate  for 
static  and  guasi-static  situations  but  less  appropriate  for 
dynamic  strategies. 

A  generalization  of  this  model,  where  the  contents  of 
the  queues  at  the  nodes  are  viewed  as  continous  quantities, 
rather  than  as  an  integer  number  of  messages  or  bits,  is 
proposed  by  Segall  in  [Ref.  22].  The  continuous  nature  of 
his  model  is  justified  by  the  fact  that  the  effect  of  any 
single  message  on  the  total  systei  performance  should  be 
minimal.  Using  this  continuous  model  the  routing  problem  can 
be  formulated  as  a  linear  optimal  oontrol  problem.  Solution 
to  this  problem  has  been  approached  via  a  feedback  form, 
obtained  by  means  of  Pontryagin's  minimum  principle,  and 
dynamic  programming.  Another  solution  involves  replacing 
some  constraints  with  penalty  funotions,  and  uses  this 
formulation  to  investigate  how  to  minimize  the  average 
message  delay,  while  disposing  of  whatever  backlogs  may 
exist  in  the  network  at  any  partisular  point  in  time.  A 
comprehensive  study  of  the  feedback  solution  has  been 
presented  by  tloss  in  [Ref.  23],  and  solution  has  been 
obtained  for  the  case  in  which  all  messages  have  the  same 
destination  and  the  inputs  are  constant  in  time.  But  the 
approach  runs  into  difficulties  when  the  general  case  is 
considered  and  no  solution  has  yet  been  obtained  for  it. 

A  different  approach  proposed  by  Wozencraft  [Ref.  24], 
involves  changing  the  objective  function  while  keeping  the 
same  continuous  model.  Instead  of  trying  to  minimize  the 
average  delay,  the  idea  is  to  minimize  the  maximum  delay. 
This  minimax  approach  has  been  extaasively  researched  by  Ros 
in  [Ref.  25].  The  objective  is  then  to  minimize  the  maximal 
saturation  ratio  (Pij  /  Cij)  in  the  network.  Subsequently 


the  next  maximal  saturation  ratio  is  minimized.  Itera-ion 
is  continued  in  this  way  until  a  unique  solution  to  the 
corresponding  problem  is  found  or  we  have  exhausted  all 
liahs.  At  this  point  we  can  generate  a  finite  set  of 
fractions  (we  will  call  them  Routing  Fractions)  that 
represent  the  proportion  of  traffic  from  node  "A”  (any  node) 
to  node  "B”  (destination  node)  that  must  be  routed  through 
link  (any  outgoing  link  of  node  "A")  .  Se  will  call  this 

procedure:  "Successive  Saturation". 

An  alternate  solution  which  requires  less  computational 
effort  consists  of  doing  the  first  iteration  of  the 
Successive  Saturation  method  mentioned  before,  using  its 
results  to  scale  the  capacity  of  the  links  in  the  network, 
and  then  finding  the  set  of  flows  that  maximize  the  sum  of 
the  exess  cajacity  (slack)  of  all  links.  At  this  point  we 
have  found  a  finite  set  of  Routing  Fractions,  as  defined 
before.  He  will  call  this  procedure:  "Maximum  Slack".  Both 
solutions  use  linear  programming  techniques  and  therefore 
enjoy  the  treiendous  computational  benefits  that  they  offer. 

This  thesis  is  part  of  a  bigger  effort  to  analyze  the 
use  of  Routing  Fractions  in  the  routing  protocols  of  a 
packet  switched  communications  network.  As  such  it 
concentrates  on  the  study  of  their  behavior  in  a  static 
multiple  path  routing  strategy.  Nevertheless,  the  model 
developed  as  well  as  the  computer  simulation  program  contain 
provisions  for  future  experimentation  on  their  use  in  a 
dynamic  routing  strategy.  These  provisions  allow  the 
addition  of  a  computer  program  that  calculates  the  values  of 
the  Routing  Fractions  (which  is  the  matter  of  another  thesis 
being  undertaken  at  the  present  time)  .  This  program  could 
then  be  called  upon  to  recalculate  the  values  of  the  routing 
fractions,  when  the  traffic  load  or  topology  changes  in  the 
network  warrant  it. 


F.  LOOP  AVOIOAHCE 


An  important  charactar istic  that  any  roaring  protocol 
should  have  is  to  be  ••loop-frea”.  Loop-freedom  defines  a 
per  destination  partial  ordering  of  the  nodes  in  the 
network,  which  is  used  by  the  routing  protocols  for  the 
propagation  of  packets  through  the  network,  to  prevent  them 
from  looping,  A  loop-flow  exists  in  the  routing  protocol 
whan  a  packet  can  potentially  loop,  that  is,  it  can  arrive 


to  the  same  node  for  the  second  tima 


way  to  izs 


destination.  A  given  packet  may  be  trapped  in  such  a  loop 


for  a  significant  amount  of  time.  If  a  large  numbe: 


packets  start  looping  they  can  cause  congestion  (since 
retransmission  will  occur  until  a  positive  acknowledgement 
is  received)  which  begins  at  the  locus  of  the  loop  and  can 
srread  throughout  the  network.  A  loop-flow  may  exist  even 
if  no  individual  packet  ever  loops. 

The  main  reason  for  a  routing  protocol  to  be  loop- free, 
is  the  reduction  in  packet  time  delay.  Other  important 
reasons  include  the  simplification  of  higher  level 
protocols,  and  to  prevent  some  potential  deadlocks. 

Host  rules  and  procedures  used  to  develop  loop-free 
routing  schexes,  are  extensions  of  techniques  used  in 
network  graph  theory  and  flow  pattern  analysis.  The 
following  are  some  interesting  examples  of  routing 
principles  derived  from  these  techniques. 

If  we  call  the  destination  node  "Sink”,  and  if  node  ”A 
is  on  a  path  from  node  "B”  to  the  sink,  we  say  "A”  xs 
downstream  from  "B",  and  "B"  is  upstream  from  ”A”.  In  a 
loop-free  routing  protocol,  no  node  can  be  both  upstream  and 
downstream  from  any  other  node,  for  a  given  destination.  If 
”T”  is  a  set  of  links  that  form  a  tree  in  the  network  graph, 
and  ”F"  is  a  set  of  links  (not  in  "T")  going  into  node  "A”, 
then  the  set  (T  F)  is  loop-free  since  the  links  going  into 
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noda  "A”  cannat  be  in  a  loop.  Furthsrmore  the  set  (T  +  F  - 
(ALL  LINKS  NOT  IN  ?))  is  a  trae.  Sams  of  loop-free  rree 
flows  are  not  always  loop-free  as  might  be  expected 

[Ref.  26]. 

The  set  of  optimal  routes  from  all  sources  to  a  given 
destination  form  a  tree  routed  at  tae  destination  (such  tree 
is  called  the  Sink  Tree)  .  Therefore,  it  will  not  contain 
any  loop-flows,  and  each  packet  will  be  delivered  to  its 
destination  within  a  finite  and  bounded  number  of  hops.  If 
a  fixed  routing  is  contracted  by  choosing  a  maximal  tree  in 
the  network  graph  (that  is  using  only  links  directed  towards 
the  sink),  then  the  resulting  flow  is  nonnegativs  and 
loop-free,  and  the  set  of  all  flows  determined  this  way  is 
clearly  convex  and  loop- free. 

In  general,  no  optimal  routing  protocol  can  have 
loop-flows,  a  fact  which  will  tend  to  minimize  congestion. 
Some  routing  algorythms  cannot  be  said  to  be  loop-free  but 
if  the  small  number  of  loops  which  they  do  form  do  not 
persist  (transient)  ,  and  do  not  lead  to  congestion  or  to  a 
significant  increase  in  average  network  delay,  they  may  be 
accepted  as  efficient.  An  example  of  this  case  is  the  new 
ARPANET  routing  scheme  SPF  (Shortest-path-first)  [Eef.  27], 
where  a  small  amount  of  transient  looping  occurs  while  the 
network  is  adapting  to  a  routing  change. 

An  algorithm  that  does  not  permit  looping  does  not 
necessarily  result  in  lower  delay,  higher  throughput,  or 
less  congestion  than  an  algorithm  which  does.  However 
research  by  Gallager  [Ref.  28],  has  proven  that  the  paths  in 
a  minimum  distance  (optimum)  solution,  for  a  network  with 
link  distances  greater  than  zero  is  loop-free. 
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I?.  SIHULATIOM  OP  4  PACKfl  SiXTCggD  COaHOilClUONS  NETWORK 
i.  HOOEL  CHASACTEHISTICS 

In  the  analysis  of  tuQ  routing  protocols  of  a  packet 
switched  network,  siaulatior.  has  proven  to  be  a  powerful 
tool  to  investigate  their  perforaance  and  carry  out 
coaparative  studies  of  the  different  strategies.  In  seme 
cases,  such  as  with  distributed  dynamic  routing,  simulation 
has  been  relied  on  almost  exclusively  because  of  the  time 
vaying  behavior  of  the  sat  of  interactive  queues,  whose 
theoretical  study  is  still  in  its  infancy. 

In  simulation  the  network  and  its  protocols  are  modeled 
in  terms  of  a  computer  program.  Nevertheless,  it  must  not 
be  an  emulation  seeking  to  duplicate  every  small  detail  of 
the  network  operation.  K  simulation  model  that  tries  to 
cover  every  detail  is  an  extremely  expensive,  wasteful,  and 
slow-running  operation.  As  a  general  rule  one  should  only 
simulate  the  system  features  that  are  relevant.  Therefore 
the  simulation  of  a  routing  algorithm  must  describe  the 
nodal  queue  handling  procedures,  and  the  routing  process 
itself,  in  full  detail. 

The  model  we  chose  is  that  of  a  set  of  nodes  connected 
by  unidirectional  communication  links.  The  number  of 
outgoing  cr  incoming  links  is  not  limited  by  the  model;  this 
allows  for  the  configuration  of  the  network  in  almost  any 
topology  desired.  Each  link  has  a  buffer  (we  will  call  it  a 
queue)  where  packets  are  stored  if  the  link  is  busy. 
Transmission  of  packets  from  the  queue  of  each  link  is  done 
in  a  FIFO  (First  in  first  out)  fashion.  Nevertheless,  some 
packet- prioritizing  scheme  can  be  easily  added  to  the  model, 
without  affecting  its  structure. 


41 


«^  .  •  A  A 


•,”'  %’  •  •rf." •,■" 


Our  Dodsl  assuies  noise^free  linlcs,  rhat  Ls,  packets 
arrive  at  their  destination  without  any  errors  and  no  packet 
loss  is  experienced  during  transmission.  Similarly, 
queueing  delays  and  transmission  time  are  assumed  to  be  the 
only  nonnegligible  sources  of  delays  in  the  network. 

Hessage  traffic  in  a  packet  switched  network  can  be 
modeled  as  a  Poissor  process,  with  the  length  of  the 
messages  geometrically  distributed.  Accordingly,  our  model 
uses  a  message  generator  that  generates  poisson  distributed 
messages  (by  using  exponentially  distributed  interarrival 
times),  and  the  number  of  packets  for  each  message  (message 
length)  is  generated  from  a  geometric  distribution. 

Traffic  load  is  another  parameter  that  can  be  set  to  any 
desired  level  in  our  model,  and  two  ways  of  doing  it  are 
provided.  The  first  accomplishes  this  by  setting  the 
average  number  of  new  messages  for  the  network  per  second. 
The  inverse  of  this  number  is  then  used  as  the  mean  of  the 
exponential  distribution  used  to  generate  the  message 
interarrival  times  as  mentioned  before.  The  second  does  it 
by  setting  the  average  number  of  packets  per  message.  This 
number  is  then  used  as  the  mean  of  the  geometric 
distribution  from  which  the  length  of  each  message  (in 
packets)  is  generated.  Both  numbers  are  read  as  inpurs  by 
the  model  so  they  can  be  set  to  any  desired  value. 

The  model  accepts  as  inputs  the  probability  of  each  node 
being  nhe  source  of  a  message,  and  the  conditional 
probability  of  each  node  being  the  destination  given  a 
source  node.  with  these  two  sets  of  inputs,  it  calculates 
the  probability  of  each  possible  combination  of  nodes 
(node-pair)  being  source  and  destination  of  a  message.  Rhen 
a  message  is  generated,  the  model  picks  a  node>pair  randomly 
and  assigns  them  as  source  and  destination  of  the  message 
respectively. 


&s  indicated  in  chapter  three,  the  Routing  Fractions 
represent  the  proportion  of  traffic  froa  node  "A"  (any  rode) 
to  nods  "B"  (destination  node)  that  ausr  be  routed  through 
linJt  "C"  (any  outgoing  link  of  node  "A”)  .  This  nature  of 
the  Routing  Fractions  aake  then  readily  availabls  for  their 
use  in  a  multiple  path  routing  schene. 

The  routing  protocol  procedures  of  the  aodel  are 
contained  in  a  separate  module  (ses  routine  'PICK. BEST.  LINK* 
in  the  program  description  section)  ,  to  allow  them  to  be 
easily  changed  if  raguirsd.  Values  of  the  routing  fractions 
corresponding  to  each  link  are  read  by  the  model,  and  used 
by  the  nodes  to  select  the  outgoing  link  by  which  to  route 
each  packet.  This  selection  is  done  by  picking  a  routing 
fraction  probabilisticly,  and  using  the  link  that 
corresponds  to  it  as  the  selected  outgoing  link.  This 
procedure,  as  mentioned  before,  allows  for  multiple  paths  in 
the  routing  of  traffic  destined  to  any  node. 

Since  our  study  concentrates  on  their  use  in  a  static 
routing  schene,  the  values  of  the  touting  fractions  do  not 
change  throughout  the  simulation  run.  Nevertheless,  the 
model  allows  for  the  addition  of  a  Routing  Fraction 
recalculaticn  procedure,  which  could  be  executed  when  the 
traffic  load  or  topology  changes  in  the  network  require  it. 
This  addition  will  change  the  model's  static  routing  scheme 
into  a  dynamic  one. 

In  order  to  aake  the  model  more  flexible  in  adapting  to 
different  testing  conditions,  we  allow  the  network  to  be 
configured  to  provide  either  Datagram  or  virtual  Circuit 
services.  When  in  the  Datagram  Service  configuration,  the 
route  in  terms  of  links  to  be  traversed  by  each  packet  (on 
its  way  froa  the  source  node  to  the  destination  node) ,  is 
determined  sequentially.  As  the  packet  arrives  to  each  node, 
the  next  outgoing  link  to  be  traversed  by  it  is  determined 
by  the  model.  This  procedure  is  ’:hen  repeated  at  each  node 
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until  the  packet  arrives  to  its  destinazioc  code.  There, 
data  froa  it  is  collected  by  the  nodel  for  the  statistical 
analysis  of  the  network  behavior,  and  zhen  destroyed  by  the 
Bodel.  In  this  way,  each  individual  packet  will  traverse  a 
route  specially  deterained  for  it  at  each  node,  and  no 
direct  relationship  exists  between  this  route  and  the  routes 
of  the  other  packets  of  the  sane  aessage.  Consequently,  in 
this  procedure  jackets  of  the  saae  aessage  can  (and  aost 
often  do)  follow  different  paths  through  the  network  on 
their  way  to  their  destination.  This  as  we  saw  before, 
coaplies  with  the  characteristics  of  Oatagraa  Service. 

In  the  Virtual  Circuit  service  configuration,  in 
contrast,  the  coaplete  route  to  be  followed  by  a  aessage  is 
deterained  at  the  aoaent  of  its  creation.  This  route  will 
then  be  followed  by  all  the  packets  belonging  to  that 
aessage.  No  route  change  is  therefore  experienced  by  any 
packet  after  it  leaves  the  source  node.  Nhen  a  packet 
arrives  at  a  node,  the  aodel  checks  its  predeterained  route 
and  sends  the  packet  to  the  corresponding  outgoing  link. 
This  procedure  is  repeated  at  every  node  until  the  packet 
arrives  to  its  destination,  where  data  froa  it  is  collected 
(for  the  saae  statistical  purposes  as  in  datagraa)  and  the 
packet  destroyed  by  the  aodel. 

As  it  is  in  aost  packet  switched  networks  in  operation, 
in  our  aodel  the  size  of  all  the  data  packets  is  the  saae, 
but  it  can  be  defined  to  be  any  nuaber  of  bits.  In  order  to 
do  this  the  aodel  accepts  this  size  as  an  input,  and  fixes 
the  size  of  all  the  packets  to  it.  If  there  were  a 
requireaent  to  allow  packets  to  be  of  different  size,  a 
aechanisa  tc  generate  these  sizes  could  be  easily  added  to 
the  aodel. 

Another  iaportant  paraaeter  of  our  network  aodel  is  the 
link  capacity,  i.e.  the  data  carrying  speed  of  each  link,  in 
bits  per  second.  Our  aodel  reads  the  capacity  of  each  link 


and  then  uses  it  to  calculate  the  tiis  required  for  a  packet 
to  traverse  that  link  (transaission  tiae) .  This 
transaission  tiae  is  furthar  used  no  schedule  tha  arrival  of 
the  packet  at  the  next  noia.  The  aoiel  can  tharsfore  accept 
any  value  of  capacity  for  aach  individual  link*  as  long  as 
it  is  in  bits  per  second. 

As  aentioned  before*  each  link  has  a  buffer  or  queue  to 
store  packets  vaiting  for  transaission.  In  our  acdel  we  have 
chosen  not  to  liait  the  size  of  thase  queues*  in  order  to 
allow  the  study  of  the  behavior  of  th®  routing  fractions 
without  introducing  any  other  process  that  could  affect  the 
results  of  tha  analysis. 

Most  of  the  parameters  of  the  modal  can  be  changed  very 
easily*  to  allow  the  siaulation  of  different  testing 
conditions*  as  we  will  see.  As  an  example  the  number  of 
nodes  and  links  do  not  have  a  theoretical  limit*  but  must  be 
set  before  tha  simulation  starts*  and  remain  fixed  for  the 
duration  of  the  run.  Nevertheless*  there  are  some  indirect 
ways  of  changing  the  topology  of  the  network  during  the  run* 
such  as  setting  the  corresponding  routing  fractions  of  any 
link  to  zero.  This  will  prevent  anymore  traffic  from  going 
into  it.  In  this  way  we  can  represent  a  link  failure. 

B.  PABAHETEBS  OF  THE  PACKET  SWITCHED  HETHOBK 

The  definition  of  the  different  variables  whose  values 
must  be  read  as  inputs  by  the  program  is  the  following: 

1)  N.NODE  :  Number  of  nodes  of  the  network*  integer  number. 

2)  N.LINK  :  Number  of  links  of  the  network*  integer  number. 

3)  CONNECTED  :  Integer  two-dimensional  matrix  that  indicates 

the  way  the  links  are  connected  in  the  network. 
Each  row  represents  a  link  and  each  column  a  node. 
So  position  CONNECTED <A*B)  must  have  a  value  of  1 
if  link  ’A'  starts  in  node  'B'*  a  value  of  -1  if 


link  'A*  ends  in  node  *8'  and  a  value  of  0 
elsewere. 

4)  PS.OBIG  :  Beal  l-dimensional  oatrix,  each  row  represents 

a  node  and  contains  the  probability  of  a  message 
being  originated  in  that  node. 

5)  PB.DBST  :  Beal  two-dimensional  matrix,  each  row 

represents  an  origin  node  and  each  column  a 
destination  node.  So  position  pr.desr(A,B) 
contains  the  probability  that  a  message  that  was 
originated  in  node  'A*  has  as  its  destination  node 
•B*. 

6)  BOOT.FBAC  :  Beal  two-dimensional  matrix,  each  row 

represents  a  link  and  each  column  a  node.  So  for 
position  BOOT.FBAC  (A, Bt  ,  it  contains  the 
proportion  of  the  traffic  destined  to  node  *  B* , 
that  should  be  sent  by  link  'A'  i.e.  routing 
fraction  of  link  *A*  for  node  *B*.  If  no  traffic 
for  node  'B*  can  be  sent  by  link  'A'  its  value 
should  be  zero.  For  our  study  (static  scheme), 
these  values  do  not  change  during  the  simulation 
run.  For  the  future  use  of  this  program  in  a 
dynamic  routing  scheme,  these  will  only  be  the 
initial  values  of  the  routing  fractions.  During 
the  simulation  run,  their  values  should  be 
recalculated  every  time  the  conditions  in  the 
network  so  require  (see  event  *NEB.  BOUT.  FBAC  in 
section  "D"  of  this  chapter). 

7)  LNK. CAPACITY  :  Integer  l-dimensional  matrix,  each  row 

represents  a  link  and  contains  the  capacity  of 
that  link  in  bits  psr  second. 

8)  IIHE. LIBIT  :  Beal  number  that  represents  the  length  of 

time  the  simulation  run  will  last,  in  seconds. 

9)  BEPT.TIHE  :  Baal  number  that  represents  the  interval  of 

time  between  'NET.BEPORT'  events,  in  seconds. 
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10)  OP.TIMB  ;  Beal  nuaber  that  represents  the  interval  of 

time  between  •  NEH  .SOOT. FR4C *  events,  in  seconds. 

11)  COLL.INT  :  Real  number  that  represents  nhe  interval  of 

time  between  'OArA.COLLECnon*  events,  in  seconds. 

12)  LAP.TIHE  :  Real  nuaber  that  represents  the  interval  of 

tiae  between  *  LAP .TOTALS. RESET*  events,  in  seconds 
(see  event  *LAP. TOTALS. RESET*  in  section  "D"  of 
this  chapter) . 

13)  LENGTH. PKT  :  Integer  number  that  represents  the  length 

of  a  packet  in  bits. 

14)  AVG.nPS.NET  :  Real  number  that  represents  the  average 

number  of  messages  per  second  the  network  will 
generate. 

15)  AVG.PKTS.HSG  :  Real  number  that  represents  the  average 

nuaber  of  packets-per-aessage  the  network  will 
generate. 

16)  PRNT  :  Integer  nuaber  that  represents  the  printing 

condition  for  the  run.  Depending  on  the  value  set 
it  can  print  the  following:. 

0  »■>  InitieLL  data,  network  topology,  net  reports, 
data  collection  messages,  period  reports, 
collect  period  data  messages,  restart 
period  totals  messages,  lap  totals  reset 
messages,  destruction  message,  and  end  of 
simulation  message. 

1  »«>  All  in  0  plus  trace  of  all  packets. 

2  *■>  All  in  0  and  1  plus  information  of  all  links 

every  time  it  performs  a  *NEW.!!SG*  or  an 
*END.XHT*  event. 

17)  HO.  DE  :  Integer  numbec  that  represents  the  configuration 

of  the  network  for  the  simulation.  It  can  take  th® 
following  values: 

1  *■>  Datagram  service  network 

2  *■>  Virtual  circuit  service  network 


The  topology  of  the  network  used  for  our  siaulation  is  shown 
in  figure  4-1.  It  consists  of  a  set  of  thirteen  nodes 
connected  by  sixty  unidirectional  links.  lo  simplify  the 
drawing  each  line  interconnecting  two  nodes  in  Figure  4.1 
represents  two  links,  one  in  each  direction.  Each  link  in 
our  model  is  assigned  a  number  for  its  identification. 
Appendix  B  contains  a  list  of  the  link  numbers  with  their 
corresponding  origin  and  termination  nodes.  As  mentioned 
before,  each  link  owns  a  queue  (or  buffer)  where  packets  are 
stored  temporarily  while  waiting  for  their  transmission  if 
the  link  is  busy.  These  queues  have  no  limit  in  their  size. 

The  link  capacity  (the  rate  at  which  data  is  carried 
through  the  link  measured  in  bits  per  second)  of  all  links 
was  set  to  20,000  bits  per  second,  which  is  the  transmission 
rate  that  modern  modems  allow  over  dedicated  lines.  The 
packet  length  used  was  1000  bits,  which  is  approximately  the 
maximum  packet  size  allowed  ia  ABP&NET  (1008  bits). 
Transmission  time  is  calculated  by  the  model  every  time  it 
starts  to  transmit  a  packet  .through  a  link.  For  this  it  uses 
the  capacity  of  the  link  involved,  and  the  packet  length. 

The  probability  of  a  node  pair  to  be  selected  as  source 
and  destination  of  a  message,  was  initially  set  to  be  equal 
for  all  nodes.  Later  a  non-unifori  distribution  was  also 
used  to  compare  the  behavior  of  the  routing  scheme  in 
balanced  and  unbalanced  traffic  situations. 

The  mean  lumber  of  messages  per  second  for  the  network 
and  mean  packets  per  message  where  sat  to  different  values 
to  analize  the  response  of  the  network  to  different  traffic 
loads. 

Two  sets  of  routing  fractions  wars  used.  The  first  set 
was  calculated  by  the  successive  saturation  method  and  the 
second  set  was  calculated  using  the  maximum  slack  approach, 
as  explained  in  chapter  III.  Both  sets  where  tested  under 
the  sane  network  and  traffic  conditions. 


Plgare  4. 1  SETHOBK  lOPOLOGT 


C.  COHPOTEB  LBHGOIGE 

The  siaulation  of  oar  packet  svitched  network  model  was 
done  using  the  SIHSCBIPI  II. 5  Computer  Language.  This 
language  was  selected  because  it  provides  an  excellent  means 
for  discrete-event  simulation.  Another  important 
characteristic  of  this  language  is  that  it  allows  the  use  of 
Fortran  subroutines.  This  feature  makes  it  possible  to  take 


rather 
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advantage  of  existing  subroatines  or  programs,  rather  -^han 
to  waste  time  reprograming  them  in  SIHSCRIPT  II. 5. 

SIMSCRIPT  II. 5  langnage  uses  engl is h-liice  statements  and 
allows  for  the  insertion  of  some  extra  words,  that  malce  it 
easier  to  read  (even  by  someone  with  little  practice  in  this 
language)  .  These  characteristics  make  a  program  written  in 
Simscript  II. 5  almost  self -documented  and  only  seme  short 
comments  are  needed.  Nevertheless,  care  was  taken  to  make 
the  program  as  modular  and  structured  as  possible,  to  make 
it  easier  to  change  and  understand.  In  addition  to  the 
simulation  program,  two  other  programs  where  written  in 
Fortran  language  for  the  display  and  graphing  of  data 
collected  from  a  simulation  run,  using  the  Disspla  graphics 
software  paclage. 


0.  SiaOLATION  PB06RAB  DESCRIPTION 

In  writing  the  program  one  of  the  main  objectives,  as 
mentioned  before,  was  to  make  it  flexible  so  as  to  adapt  to 
possible  variations  in  the  network  topology  or  requirements 
of  the  simulation.  Consequently  the  values  of  the  input 
parameters  can  be  set  to  adapt  tc  most  simulation 
requirements,  as  seen  before. 

The  program  is  divided  in  three  major  parts,  the  first 
part  is  called  the  PREAMBLE,  the  second  is  called  the  MMS, 
and  the  third  contains  all  the  Subroutines  and  Events. 

The  preamble  contains  mode  and  dimension  definitions  of 
Global  Variables,  declaration  of  Events  and  Event 
priorities,  and  definition  of  Statistical  /ariablas  and 
program  Functions. 

The  main  program  is  the  driven  of  the  simulation,  it 
calls  and  schedules  the  initializing  Routines  and  Events, 
and  starts  and  ends  the  simulation. 
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The  Boflularity  in  this  program  is  mainly  accomplished  by 
dividing  the  rest  of  the  code  into  subroutines  and  Evenos. 
The  main  difference  between  a  Subroutine  and  an  Event,  is 
that  a  Subroutine  is  called  upon  to  perform  a  function  (or 
procedure)  by  another  Subroutine  or  Event,  whereas  an  Event 
is  scheduled  to  occur  (perform  its  function)  at  a  certain 
point  in  time.  Hhile  Subroutines  return  control  to  their 
caller  an  Event  returns  control  to  the  timing  mechanism  of 
the  SISSCRIPT  II. 5  system  (we  will  call  it  the  Timing 
Routine)  . 

The  different  Subroutines  and  Events  contained  in  the 
program,  and  the  functions  they  perform,  are  the  following: 

-  ROUTINE  NETWORK.  CONSTRUCT  ION 

This  routine  reads  the  number  of  nodes  and  links,  and 
constructs  the  network  based  on  those  parameters. 

-  ROUTINE  INITIALIZATION 

This  routine  reads  the  values  of  the  initial  conditions 
chosen  by  the  user  and  initializes  all  Slobal  Variables 
for  the  simulation  run.  It  then  finds  the  probability 
of  each  possible  pair  of  nodes  being  source  and 
destination  of  a  message,  by  using  the  input  variables 
•PR.OBIG*  and  'PR.DEST*  using  probability's  General 
Bultiplica tion  rule.  After  that  it  stores  these  values 
and  the  corresponding  node  names  in  the  matrix 
' PAIRS(A,B,C) ' ,  whers  "A"  is  the  probability  of  the 
pair,  "B"  the  source  node,  and  "C  the  destination  node. 

-  ROUTINE  PRINT.  IN  IT.  CONDITIONS 

This  routine  prints  the  initial  setup  of  the  network, 
and  values  of  the  initial  conditions  chosen  for  the 
simulation  run. 

-  ROUTINE  SELECT. NODES 

This  routine  selects  a  node-pair  by  picking  a  random 
number  uniformly  distributed  from  0.0  to  1.0,  and 
comparing  it  with  all  the  node-pair  probabilities  listed 


in  an  accuaimalativa  fashion.  The  node  pair 

corresponding  to  the  probability  range  where  the  random 
number  falls,  is  selected.  It  then  assigns  the  number 
correspondig  to  the  row  of  the  matrix  '  PAIRS'  that 
contains  the  node-pair  selected,  to  the  variable  'LOW 
and  returns  this  value. 

ROOIINE  TO  PICK.  BEST. LISK  GI7EN  51D.DE,  DE.ST 

This  routine  selects  the  best  outgoing  link,  given  the 
node  where  the  packet  is  (ilD.DB),  and  the  packet 
destination  (DE.ST).  It  first  finds  the  value  of  the 
routing  fraction  of  each  outgoing  link  of  'NO.DE'  that 
corresponds  to  the  destination  node  'DE.ST'.  Selection 
is  then  done  by  picking  a  random  number  uniformly 
distributed  from  0.0  to  1.0  and  matching  it  to  the 
values  of  the  routing  fractions  found,  listed  in  an 
accuofflulative  fashion.  The  routing  fraction  that 
corresponds  to  the  range  where  the  number  falls, 
determines  the  link  to  be  used.  The  name  of  the  link 
chosen  is  returned  as  the  value  of  the  variable 
'BST.PCK'. 

ROUTINE  TO  SET.  VIRTUAL. CIRCUIT  GIVEN  START. NODE  AND 
END. NODE  riELDING  '!'  AND  'BE. LI' 

This  routine  finds  the  Virtual  Circuit  for  a  message, 
given  ins  origin  node  (START.  NODE)  and  destination  node 
(END.  NODE).  To  do  this  it  calls  the  routine 

•PICK. BEST.  LINK'  with  the  values  of  'START. NODE'  and 
'END. NODE',  and  sets  a  counter  to  1.  When  the  value  of 
'BST.PCK*  is  received  back,  it  compares  the 

termination- node  of  that  link  with  'END. NODE'.  If  they 
do  not  coincide,  it  calls  *  PICK. BEST. LINK'  again,  but 
this  time  with  the  name  of  the  termination-node  of 
'BST.PCK'  and  'END. NODE*.  It  then  increases  the  counter 
to  2.  The  process  is  repeated  until  the  termination  node 
of  'BST.PCK',  and  with  'END. NODE*  are  the  same.  The 


number  of  links  in  the  Virtual  Circuit  is  then  returned 
as  the  value  of  the  variable  'V,  and  the  name  of  the 
succesive  links  cn  the  virtual  Circuit,  as  the  values  of 
the  array  »BS. LI'. 

aOOTINE  PERIOD. REPORT 

This  routine  calculates  and  prints  the  status  and 
statistical  data  of  the  network,  collected  by  the  system 
during  a  period.  The  starting  time  of  a  period  is  taken 
from  the  variable  » LAST.  PERIOD'  (which  is  reset  every 
time  this  routine  is  executed),  and  the  ending  time  from 
'TIEE.V.  The  routine  '  RESTART.  PERIOD.  TOTALS' , 

reinitializes  all  the  totals  and  variables  used  in  each 
period,  so  status  and  statistical  data  collected  during 
each  period  is  independent  of  the  rest. 

ROOTINE  COLLECT.  PERIOD. DATA 

This  routine  calculates  and  outputs  soma  period  data  to 
'OHIT  9',  for  further  graphing  and/or  analysis.  The 
starting  time  of  a  period  is  taxen  from  the  variable 
' LAST. PERIOD'  (which  is  reset  every  time  this  routine  is 
executed),  and  the  ending  time  from  'TIME.V.  The 
routine  'RESTART. PERIOD. TOTALS' ,  reinitializes  all  the 
totals  and  variables  used  in  each  period,  so  data 
collected  during  each  period  is  independent  of  the  rest. 
'Unit  9'  must  be  defined  as  one  of  the  system  units 
(printer,  tape,  mass-storage,  etc.)  ,  before  the  program 
can  run. 

ROUTINE  RESTART.  PERIOD. TOTALS 

This  routine  reinitializes  the  totals  and  global 
variables  used  in  a  period,  and  sets  rhe  period  starting 
time,  every  'OP. TIME'  seconds. 

EVENT  NEH.H5G 

This  event  calls  the  routine  '  SELECT. NODES'  and  using 
the  value  of  'LOW  returned  by  it,  finds  the  origin  and 
destination  nodes  for  the  message  from  the  corresponding 
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row  of  th9  matrix  'PMRS*.  Oars  this  is  don«=  the  sv^nt 

picks  a  geometrically  distributed  random  number, 

following  the  procedure  indicated  in  appendix  A,  and 
uses  it  as  the  number  of  packets  for  this  message. 

If  'MO.DB  *  1'  has  been  selected,  the  event  calls 

•PICK. BEST.  LINK*  (giving  the  source  and  destination 

nodes  of  the  message)  ,  to  find  the  best  outgoing  link 
(from  the  source  node)  .  It  nhen  finds  the  number  of 
packets  in  the  Propagation  Queue  (queue  where  packets 
are  stored  for  a  period  equal  no  their  transmission-time 
ovsr  that  link,  to  simulaas  that  they  are  been 
transmitted)  and  the  status  (coadition  that  indicates  if 
a  packet  is  being  transmitted  by  the  link)  of  this  link, 
and  saves  this  information  for  further  use.  After  doing 
this,  it  generates  the  packets  indicated  by  •SOM.FKTS*, 
and  for  each  one,  it  creates  a  record  with  the  name  of 
the  source  node  and  files  it  in  the  TSIP. RBCOBD*  of  the 
packet.  The  event  then  files  the  packets  in  the  queue 
of  the  outgoing  link  selected. 

If  'MO.DB  *  2*  has  been  selected,  the  event  calls 

*  SET. VIRTUAL. CIRCUIT  *  (giving  the  source  and  destination 
nodes  of  the  message),  to  find  the  Virtual  Circuit  for 
the  packets  of  the  message.  It  then  uses  the  first  link 
of  'BE. LI',  as  the  the  best  outgoing  link  (from  the 
source  node)  .  The  event  then  finds  the  number  cf  packets 
in  the  Propagation  Queue  and  the  Status  of  this  link, 
and  saves  this  information  for  further  use.  After  this 
it  creates  each  of  th®  packets  indicated  by  'SOH.PKTS*, 
records  the  rest  of  their  Virtual  Circuit  in  their 
' TRIP. RECORD ' ,  and  files  them  in  the  queue  of  the  link 
selected. 

When  the  process  is  completed,  for  any  'MO.DE'  selected, 
the  event  recalls  the  values  of  the  status  and 
Propagation  Queue  size  of  the  link  selected,  and  only  if 
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they  were  both  zero  (which  oeaas  ao  packet  is  currently 
being  traasaitted  by  it  or  link  is  idle)  ,  schedules  an 
event  START.  XHT  for  this  link  ta  be  executed  ’’NOW".  It 
is  important  to  mention  that  events  scheduled  to  be 
executed  MOH,  within  an  event,  are  executed  as  soon  as 
the  event  returns  control  to  the  timing  routine.  They 
preceed  events  having  the  same  event-time  (time  at  which 
they  must  be  execute!)  ,  that  may  have  been  scheduled 
before. 

The  event  NEW.HSS  then  picks  a  random  number 
exponentially  distributed  as  the  new  message 
interarrival-time,  an!  schedules  another  event  NEW. MSG 
at  that  time  from  now,  if  there  is  enough  time  before 
the  end  of  the  run.  If  there  is  not  enough  time  left  it 
does  not  scheduled  it.  After  this  the  event  returns 
control  to  the  Timing  Routine. 

-  EVENT  START,  XMT  GIVEN  LI.  NK 

This  event  removes  the  first  packet  from  the  queue  of 
•LI.NK*  zmd  finds  out  its  destination  node.  If  this 
node  coincides  with  the  termination-node  of  »LI.NK'  it 
schedules  an  event  ‘ARRIVAL’  for  this  link,  in 
transmission-time  seconds  from  now.  If  they  do  not 
coincide,  it  schedules  an  event  'XMT.END'  for  this  link, 
in  transmission- time  seconds  from  now.  After  scheduling 
one  of  these  events,  it  files  the  packet  in  the 
Propagation  Queue  of  'LI.NK*  and  returns  control  to  the 
Timing  Routine. 

-  EVENT  END.XMT  GIVEN  XMT.  LINK 

This  event  removes  the  packet  from  the  propagation  queue 
of  'XMT. LINK'.  If  'HO.DE  =  1'  has  been  selected,  it 
checks  if  the  termination-node  of  'XHT. LINK'  is  equal  to 
any  of  the  records  of  the  packet's  'TRIP. RECORD' ,  If  so, 
the  packet  has  looped,  an!  the  event  collects 
information  about  it,  destroys  the  packet,  and  returns 
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control  to  the  tilling  routine.  If  not,  the  evenr  calls 
•PICK. BEST. LINK*  with  the  tereiaation-noie  of  'XHT.LINK' 
and  the  destination  node  of  the  packet  to  find  the  new 
best  outgoing  link.  It  then  finds  the  number  of  packets 
in  the  Propagation  Queue  and  Status  of  this  link,  and 
saves  this  information  for  further  use.  After  doing 
this,  it  creates  a  record  with  tha  name  of  the 
termination-node  of  •XHT.LIMK*,  and  files  it  in  the 
* TRIP.REC3RD '  of  the  packet.  Phe  event  then  files  the 
packet  in  the  gueue  of  the  outgoing  link  selected. 

If  *MO.DE  *  2*  has  been  selected,  the  event  reads  the 
next  link  of  the  paok6t*s  Virtual  Circuit  from  its 
•TRIP. RECORD*.  It  then  finds  the  number  of  packets  in 
the  Propagation  Queue  and  the  Status  of  this  link,  and 
saves  this  information  for  further  use.  After  this,  it 
files  the  packet  in  the  queue  of  that  link. 

When  the  process  is  completed  for  any  'MO,  DE*  selected, 
except  foe  tha  case  when  the  packet  looped  in  *MO.DE  = 
1*  (in  this  case  control  has  already  been  returned  to 
the  timing  routine,  and  no  further  action  is  taken  by 
the  event)  ,  the  event  recalls  the  values  of  the  Status 
and  Propagation  Queue  size  of  the  link  selected,  and 
only  if  they  ware  both  zero,  which  means  no  packet  is 
currently  being  transmitted  by  it  (or  link  is  idle)  , 
schedules  an  event  START. XMP  for  this  link  to  be 
executed  "NOW",  Finally  the  event  returns  control  to 
the  Timing  Routine. 

-  EVENT  ARRIVAL  GIVEN  ARR.LNK 

This  event  removes  tha  first  packet  from  the  Propagation 
Queue  of  'ARR.LNK',  records  information  about  it  and 
destroys  the  packet. 

-  EVENT  NEW. ROOT. PRAC 

This  event  was  added  to  allow  for  the  further  use  of 
this  program,  to  investigate  the  behavior  of  the  Routing 


Fractions  in  a  dynanic  routing  scheae.  This  can  ba 
accomplished  by  inserting  in  this  events  or  calling  from 
it,  a  subroutine  to  recalculate  the  Routing  Fractions. 
To  aid  in  this  recalculation  of  the  Routing  Fractions, 
this  event  collects  information  of  queue  length, 
utilization  par  period  (percentage  of  time  the  link  is 
busy  per  period)  ,  and  utilization  per  lap  (percentage  of 
time  the  link  is  busy  per  lap),  of  every  link. 

The  new  subroutine  can  then  use  the  information 
collected  by  this  event,  and  any  of  the  global  variables 
of  the  program  like  •  LNK. CAPACin*  and  'CONNECTED',  to 
find  the  new  routing  fractions.  By  setting  the  value  of 
the  variable  'OP. TIME',  the  event  '  NEH.ROOT.FRAC  can  be 
executed  at  any  time  daring  the  simulation  cun,  when  the 
conditions  in  the  network  require  it. 

EVENT  LAP. TOTALS.  RESET 

This  event  reinitializes  lap  totals  of  the  simulation, 
every  'LAP.  TINE'  seconds.  The  purpose  of  the  lap  totals 
is  to  allow  the  simulation  to  keep  statistics  of  link 
utilization  for  arbitrary  periods  (laps)  to  be  selected 
by  the  user  by  setting  the  value  of  the  variable 
'LAP. TINE'.  The  ability  to  calculate  link  utilization 
per  lap  was  added  to  allow  its  use  by  the  event 
' NEW. BOOT. FRAC  when  the  dynanic  case  is  analized. 

EVENT  NET.  REPORT 

This  event  calculates  and  prints  status  and  statistical 
data  of  the  simulation,  up  to  the  time  it  is  performed. 
Since  variables  and  totals  involved  are  cot  reset  during 
the  run,  every  tine  this  event  is  performed  its 
calculations  are  done  for  the  period  from  time  zero  up 
to  the  tile  of  execution.  This  event  is  execu+ed  every 
'BEPT.TIME'  seconds. 

EVENT  DATA. COLLECT  ION 


This  event  calculates  and  outputs  some  simulation  data 
to  *ONIT  0*  for  further  graphing  and/or  analysis.  Sine® 
variables  and  totals  involved  are  not  reset  during  th® 
run,  every  time  this  event  is  performed  its  calculations 
are  done  for  the  period  from  tiie  zero  up  to  the  time  of 
execution.  'Unit  8*  must  be  defined  as  one  of  the 
system  units  (printer,  tape,  mass-storage,  etc.) ,  before 
the  program  can  run. 

-  EVENT  DESTRUCTION 

This  event  cancels  all  events  that  remain  scheduled  for 
execution  in  the  Timing  Soutine.  So  after  execution  of 
this  event,  control  of  the  program  returns  to  statement 
following  'STSRT  SIBULiTlON*  in  the  'MAIN'  (or  driver  of 
the  program)  ,  and  the  simulation  can  be  ended. 

B.  SIHULATION  OUTPUTS  DESCBIPTIOM 

The  main  purpose  of  any  simulation  is  to  provide  a  means 
to  observe  and  measure  different  parameters  of  interest,  of 
a  process  that  resembles  the  actual  behavior  of  a  specific 
system.  Thus  an  evaluation  of  its  performance  and  other 
important  characteristics  can  be  obtained,  without  the  need 
for  a  physical  implementation  of  the  sysrem.  To  accomplish 
this,  five  modules  of  our  program  where  designed  to  collect, 
calculate  and  output  information  about  the  simulation  run. 
They  are: 

-Routine  ' PRINT.INIT.CONDIIIDNS' 

-Routine  '  PERIOD.  REPORT' 

-Routine  '  COLLECT  .PERIOD.  DATA' 

-Event  'NET. REPORT' 

-Event  '  DATA. COLLECTION' 

The  following  subsections  describe  the  contents  of  outputs 
generated  by  these  modules,  and  include  a  brief  explanation 
of  the  names  used  in  them  (which  must  be  complemented  by 
information  given  in  previous  sections  of  this  chapter)  . 
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I&  addition  to  these  ao  dales,  the  program  of  Appendix  F 
vas  written  to  allow  the  graphing  of  data  collected  by  the 
event  •DATA.CDLLECTION*  using  the  Disspla  Graphics  Software 
package.  siiilarly,  the  program  of  Appendix  G  allows 
graphing  o£  data  collected  by  routine  'COLLECT.  PERIOD.  DATA* . 
A  sample  cf  some  of  the  plots  these  programs  can  produce  is 
shown  in  Appendix  D. 

1-  nimk  MIQSI 

The  routine  'PRINT.  INITIAL.  CONDITIONS  •  performs  two 
functions.  First,  it  prints  a  report  of  the  network  setup 
and  initial  conditions  of  the  simulation  (we  will  call  it 
"Initial  Report").  Second,  it  outputs  most  of  this 
information  to  'Onit  8*  and  'Dnit  9*,  for  its  further  use  in 
the  graphing  and/or  analysis  of  data  collected  by  Event 
'DAT A. COLLECTION'  and  Routine  'COLLECT. PERIOD. DATA' , 

respectively.  Units  8  and  9  can  be  any  unit  of  the  computer 
system  used,  previously  defined  by  the  user. 

The  report  printed  by  this  routine  is  divided  in 
four  sections,  which  contain  the  following  information: 
a)  A  list  of  the  following  variables  that  control  the 

sisulatioc  indicating  their  values  read  by  the  program: 

-  NUaBEB  OP  NODES 

Number  of  nodes  of  the  network,  as  indicated  by  the 
input  variable  'N.NODE'. 

-  NUNBEH  OP  LINKS 

Number  of  links  of  the  network,  as  indicated  by  the 
input  variable  'N.LINK'. 

-  DURATION  OP  SiaULATION 

Time  in  seconds  when  the  ruu  will  stop,  as  indicated 
by  the  input  variable  'TIHB.  LIMIT' . 

-  REPORT  GENERATION  INTERVAL 

Time  Interval  between  'NET. REPORT'  events  in 
seconds,  as  indicated  by  the  input  variable 


'REPT.  TIME' 


-  EOOTIHG  OPD&IE  INTBRV&L 

Tii3  intaryal  betwaen  ' NEW. ROUT. FR AC*  events  in 
seconis,  as  indicatad  by  the  input  variable 

'OP.TIHE*.  This  is  a  provisinn  for  the  future  use 
of  the  prograo  in  the  analyisis  of  the  dynasic  case. 

-  DATA  COLLECTIOH  INTER?  AL 

Tine  intacval  between  *  DAI A. COLLECT  ION*  events  in 
seconds «  as  indicated  by  the  input  variable 

•COLL.  I  NT*. 

-  LAP  INTERVAL 

Tine  interval  between  *  LAP.  TOTALS. RESET*  events  in 
seconds,  as  indicated  by  the  input  variable 

•LAP. TINE*. 

-  PACKET  LENGTH 

Length  of  packets  in  bits,  as  indicated  by  the  input 
variable  *  LENGTH. PKT* . 

>  AVG.  HESSAGES  PER  SECOND  FOR  NETWORK 

Average  nunber  of  nessages-per-second  for  the 

network,  as  indicated  by  the  input  variable 

*A?G. HPS.NET*. 

>  AVG.  PACKETS  PER  HESSA6E  FOR  NETWORK 

Average  nunber  of  packets-per-nessage  for  the 

network,  as  indicated  by  the  input  variable 

*  AVG.PKTS.HSG*. 

-  PRINT  CONDITION 

Print  condition  for  the  run,  as  indicated  by  the 
input  variable  'PRHT*. 

-  HODE  SELECTED 

Type  of  service  to  be  provided  by  the  network,  as 
indicated  by  the  input  variable  *N0.0E*. 
b)  A  list  of  all  the  links  in  the  network  including  their 
name,  node  origin,  node  destination,  and  capacity  (in 
bits  per  second)  ,  as  indicated  by  the  input  variables 
•CONNECTED*,  and  *LNK.CA PACITY* . 


c)  A  list  of  the  Routiag  Practiaas  that  have  non-zero 
values,  inoluding  the  nodes  to  vhich  they  correspond,  as 
indicated  by  the  input  variable  •BOOT.FRiC. 

d)  A  list  of  the  node  pairs  that  nave  non-zero  probability 
of  being  selected  as  origin  and  destination  of  a  message, 
as  calculated  by  the  program  from  the  values  of  the  input 
variables  *PR.3RIG*,  and  ‘PR.DBSr*  . 

Data  output  by  this  routine  to  'Onit  8*  of  the  system 
includes  the  following: 

-  NOHBEB  OF  NODES  (same  as  Initial  Report) . 

-  NUHBER  OF  LINKS  (same  as  Initial  Report). 

-  NODE  SELECTED  (same  as  Initial  Report)  . 

-  PACKET  LENGTH  (same  as  Initial  Report). 

-  A7G.  HESSAGES  PER  SECOND  FOR  NEINORK  (same  as  Initial 

Report) . 

-  DONATION  OF  SIHOLATION  (same  as  Initial  Report). 

-  ROOTING  OPDATE  INTERVAL  (same  as  Initial  Report)  . 

-  LAP  INTERVAL  (same  as  Initial  Report)  . 

-  DATA  COLLECTION  INTERVAL  (same  as  Initial  Report). 

-  AVG.  PACKETS  PER  HESSASB  FOR  NETWORK  (same  as  Initial 

Report) . 

Data  output  by  this  routine  to  'Unit  9'  of  the  system, 
includes  the  sane  information  indicated  for  'Onit  8*,  except 
for  "DATA  COLLECTION  INTERVAL"  which  is  not  included. 

2.  rnssi 

The  routine  'PERIOD. REPORT'  collects  status  and 
statistical  information  during  a  period  of  the  simulaticn, 
and  prints  it  in  a  report-like  format  (we  will  call  it 
"Period  Report") .  As  mentioned  before,  information  of  each 
period  is  independant  from  the  rest,  since  the  routine 
•RESTART. PERIOD. TOTALS'  reinitializes  all  the  variables  and 
totals  involved.  This  report  is  divided  in  the  following 
three  sections: 


a)  k  list  of  all  the  links  in  the  network  (including  their  . 
origin  and  destination  nodes  for  ease  of  identification)  , 
indicating  their  period  utilization  (proportion  of  tiina 
being  involved  in  transaission  or  "busy")  ;  the  mean, 
maxiaum  value,  and  standard  deviation  of  their  "queue 
size"  for  the  period;  and  the  present  size  of  their  queue 
and  propagation  queue. 

b)  k  list  of  the  status  and  statistics  of  rhe  network,  which 
includes  the  following  information: 

-  AV2BAGE  LINK  OTILIZAnOH 

Average  calculated  using  tha  "link  utilization" 
values  of  all  links,  for  the  period.  Its  worth 
noting  that  a  value  of  'MAXIBOM  LINK  UTILIZATION'  is 
not  included  as  a  periodical  statistic,  because  for 
any  useful  analysis  the  traffic  load  used  will  cause 
this  quantity  to  be  1.0  for  most  periods,  and 
therefore  it  loses  its  significance. 

-  AVERAGE  QUEUE  SIZE 

Average  calculated  using  the  "mean  queue  size"  of 
all  links  (in  packets)  ,  for  the  period. 

>  HAXinUH  QUEUE  SIZE 

Is  the  largest  value  observed,  of  the  "queue  size" 
of  all  links  (in  packets),  during  the  period. 

-  STD. DEV.  OP  QUEUE  SIZE 

Is  the  average  value  of  the  "standard  deviation"  of 
the  "queue  size"  of  all  links,  for  the  period. 

-  NUHBER  OF  HESSAGES  GENERATED  (For  the  period). 

-  NUHBER  OF  PACKETS  GENERATED  (For  the  period)  . 

>  AVERAGE  PACKETS  PER  HESSA6E  (For  the  period)  . 

-  NUHBER  OF  PACKETS  COHPLETED  TRIP  (During  the  period)  . 

-  NUHBER  OF  PACKETS  THAT  LOOPED  (During  the  period)  . 

-  TOTAL  NUHBER  OF  PACKETS  STILL  IN  NETMORK  (At  the  end  of 

the  period)  . 
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c)  A  list  of  statistics  of  the  pacitsts  that  arrived  tc  their 
destinatioa  during  the  period  which  includes  the 
following  infornation: 

-  AVG.  LENGTH  OP  TBIP 

Average  of  "trip  length"  values  of  all  packets  that 
arrived  to  their  final  destination  during  the 

period,  in  "hops". 

-  AVG.  TOTAL  TRIP  TIME 

Average  of  "trip  time"  values  of  all  packets  that 
arrived  to  their  final  destination  during  the 

period,  in  seconds. 

-  AVG.  TIME  SPENT  IN  QaEOE 

Average  of  "aean  tine  spent  in  queue"  values  of  all 
packets  that  arrived  to  their  final  destination 
during  the  period,  in  seconds. 

-  AVG.  TIME  PER  HOP 

Average  of  "aean  tiae  per  hop"  values  of  all  packets 
that  arrived  to  their  final  destination  during  the 
period,  in  seconds. 

3 .  PERIOD  2 A24 

The  routine  'COLLECT. PERIOD. DATA'  collects  status 
and  statistical  inforaation  during  a  period  of  the 
siaulation  (we  will  call  it  "Period  Data") ,  and  outputs  it 
to  'UNIT  9',  for  its  further  graph  and/or  analysis.  As  in 
the  case  of  Period  Report,  inforaation  of  each  period  is 
independent  froa  the  rest.  Data  collected  and  output  by 
this  routine  corresponds  to  the  following  inforaation: 

-  Tiae  of  execution  of  the  routine  (or  end  of  the  period), 

in  seconds. 

-  TOTAL  NDHBER  OP  PACKETS  STILL  IN  NETWORK  (Same  as  Period 

Report) . 

•  AVERAGE  LINK  UTILIZATION  (Same  as  Period  Report)  . 

-  AVERAGE  QDEOE  SIZE  (Saas  as  Period  Report). 

•  MAXIMUM  QUEUE  SIZE  (Sane  as  Period  Report). 
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-  AVG.  LENGTH  OF  TRIP  (Same  as  Period  Report)  . 

-  AVG.  TOTAL  TRIP  TIME  (Saae  as  Period  Report). 

-  AVG.  TIME  SPENT  IN  QUEOE  (Same  as  Period  Report). 

-  NOMBER  OP  PACKETS  THAT  LOOPED  (Same  as  Period  Report)  . 

4  .  NETWORK  RE £0 

The  event  ' NET. REPORT* ,  when  executed,  collects 
status  and  statistical  infornazion  abouz  the  simulation  and 
prints  a  report  (we  will  call  it  '*Network  Report”),  that 
resembles  the  Period  Report.  The  main  difference  between 
this  two  reports  is  the  time  frame  used  to  compute  the  data 
used  by  them.  While  for  Period  Report  variables  and  totals 
used  are  reset  at  the  end  of  each  period,  for  Network  Report 
they  are  never  reset.  In  consecueace,  each  Network  Report 
contains  information  for  the  "period”  from  time  zero  (start 
cf  simulation)  ,  up  to  its  execution  time. 

The  Network  Report  is  divided  in  three  sections, 
which  contain  the  following  information: 

a)  A  list  of  all  the  links  in  the  network  (including  their 
origin  and  destination  nodes  for  ease  of  identification)  , 
indicating  their  utilization  up  to  now;  the  mean,  maximum 
value,  and  standard  deviation  of  their  "queue  size"  up  to 
now;  and  the  present  size  of  their  queue  and  propagation 
queue. 

b)  A  list  of  the  status  and  statistics  of  the  network,  which 
includes  the  following  information: 

>  AVERAGE  LINK  OTILIZATION 

Average  calculated  using  the  "link  utilization" 
values  of  all  links,  up  to  now. 

-  HAXIHOM  LINK  OTILIZATION 

Largest  value  observed,  of  the  "Link  Otilization" 
for  all  links,  up  to  now. 

-  AVERAGE  3UE0E  SIZE 
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Average  calculated  using  the  "Bean  queue  size”  of 
all  links  (in  packets)  ,  up  to  now, 

-  HAXI9UH  30B(JE  SIZE 

The  largest  value  observed,  of  the  "queue  size"  of 
all  links  (in  packets)  ,  up  to  now. 

-  STD. DEV.  OP  QDEOE  SIZE 

The  average  value  of  the  "standard  deviation"  of  the 
"queue  size"  of  all  links,  up  to  now. 

-  NOHBER  OP  aSSSAGES  GEH  EBATED  (Op  to  now). 

-  NOaSER  OP  PACKETS  GENERATED  (Op  to  now)  . 

-  AVERAGE  PACKETS  PER  BESSAGE  (Op  to  now). 

-  NUMBER  OP  PACKETS  COMPLETED  TRIP  (Op  to  now)  . 

-  NUMBER  OP  PACKETS  THAI  LOOPED  (Op  to  now). 

-  TOTAL  NUMBER  OF  PACKETS  STILL  IN  NETWORK  (Op  to  now)  . 

-  AVERAGE  PACKETS  IN  THE  NETWORK  (Op  to  now)  . 

c)  A  list  of  statistics  of  the  packets  that  arrived  to  their 
destination  up  to  now,  which  includes  the  following 
information: 

-  AVG.  LENGTH  OP  TRIP 

Average  of  "trip  length"  values  of  all  packets  that 

arrived  to  their  final  destination  up  to  now,  in 

"hops" . 

-  AVG.  TOTAL  TRIP  TIME 

Average  of  "trip  time"  values  of  all  packets  that 

arrived  to  their  final  destination  up  to  now,  in 

seconds. 

-  AVG.  TIME  SPENT  IN  QUEUE 

Average  of  "lean  tioe  spent  in  queue"  values  of  all 
packets  that  arrived  to  their  final  destination  up 
to  now,  in  seconds. 

-  AVG.  TIME  PER  HOP 

Average  of  "mean  time  per  hop"  values  of  all  packets 
that  arrived  to  their  final  destination  up  to  now, 
in  seconds. 
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5.  NETWORK  DATA 

As  in  the  case  of  the  Network  Report,  the  event 
•DATA. COLLECTION '  when  executed,  collects  status  and 
statistical  information  of  the  simulation  (we  will  call  it 
"Network  Data"),  for  the  "period"  from  time  zero  (start  of 
simulation)  ,  up  to  its  execution  time.  It  then  outputs  this 
data  to  'UNIT  8' ,  for  its  further  graphing  and/or  analysis. 
Data  collected  and  output  by  this  routine  corresponds  to  the 
following  information: 

-  Time  of  execution  of  the  event,  in  seconds. 

-  TOTAL  NUMBER  OF  PACKETS  STILL  IN  NETWORK  (Same  as  Network 

Report) . 

-  AVERAGE  LINK  UTILIZATION  (Same  as  Network  Report)  . 

-  AVERAGE  QUEUE  SIZE  (Sams  as  Network  Report)  . 

-  MAXIMUM  QUEUE  SIZE  (Same  as  Network  Report)  . 

-  AVG.  LENGTH  OP  TRIP  (Same  as  Network  Report). 

-  AVG.  TOTAL  TRIP  TIME  (Same  as  Network  Report). 

-  AVG.  TIME  SPENT  IN  QUEUE  (Same  as  Network  Report)  . 

-  NUMBER  OF  PACKETS  THAT  LOOPED  (Same  as  Network  Report). 

-  MAXIMUM  LINK  UTILIZATION  (Same  as  Network  Report). 

-  AVERAGE  PACKETS  IN  THE  NETWORK  (Sams  as  Network  Report)  , 
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?.  COHCLOSIOHS  MS  BEC3gaE8D&TI0S5 
A.  COHCLUSIOHS 

The  simulatioa  was  run  at  different  traffic  loads,  which 
allowed  us  to  determine  the  maximum  load  that  the 

routing-fraction  protocol  could  handle  with  this  network 
configuration  before  saturating  (we  will  call  it  satura-ion 
load).  As  shown  in  Figure  D. 1  of  Appendix  D,  for  the 

uniformly  distributed  traffic  case  wirh  all  link  capacities 
set  to  20,000  bits-per-sscond,  saturarion  load  was  found  to 
be  440  packets-per-second  into  the  network.  This  lead  was 
than  generated  using  different  degrees  of  traffic 
granularity,  i.e.,  different  combinations  of 

messages-per-second  and  pa ckets-per-message  (both  for  the 
network)  . 

As  shown  in  Table  I,  for  the  different  degrees  of 
traffic  granularity  tested  (for  the  saturation  load 
maintained  at  the  same  level)  the  running  average  of  ‘  packets 
in  the  network,  total  time  delay  of  packets  that  completed 

trip,  average  time  spent  in  queue  of  packets  that  completed 

trip,  and  average  queue  size,  where  found  to  increase 
proportionally  with  the  number  of  ?ackets-per-message. 

The  maximum  link  utilization  for  the  network  was 
observed  to  decrease  by  a  very  small  amount  as  we  increased 
the  number  of  packets-per- message.  This  reduction  in  link 
utilization  is  caused  by  the  time  factor  that  is  included  in 
its  calculation  (link  utilization  represents  the  proportion 
of  time  a  link  is  involved  in  traasmision  of  packets  or 
"busy”)  ,  and  the  lower  average  number  of  messages  received 
by  the  nodes  for  the  same  period.  As  we  increase  the  number 
of  packets-par- message  while  keeping  the  same  saturation 


I&BLE  I 

GBANOLiBITY  COHPABISON 


BOUTINS  FRACTIONS 

440  msg/sec  220  msg/sec  110  msg/sec 
1  pkt/isg  2  pkt/msg  4  pkr/msg 

116.17  252.04  468.06 

0.260  0.562  1.056 

0.164  0.466  0.  962 

1.22  3.48  7.09 


level,  V6  reduce  the  number  of  aessagas-per-second  into  rhe 
natvorh.  These  changes  will  increase  the  message 
intararrival-tiae  which  is  exponentially  distributed  with 
mean:  (  1  /  messages-per-sscond  ).  In  addition  for  the  same 
period,  fewer  nodes  will  receive  new  massages.  The  final 
effect  is  that  on  the  average,  there  will  be  an  increase  in 
the  time  queues  will  be  empty  waiting  for  a  new  packet  to 
arrive,  and  maximum  link  utilization  will  be  slightly  lower. 

The  running  average  number  of  packets  in  the  network  at 
the  saturation  level,  for  the  different  degrees  of 
granularity,  was  found  to  be  aproximatelly  equal  to  the 
theoretical  value  given  by  Little's  formula  [  Bef .  29],  which 
states  that : 

E(N)  »  E  (T)  XL 

where : 

E  (N)  :  Average  value  of  packets  in  the  network. 


BONNING  AVERAGE 
PKTS  IN 
NETWORK 
(in  pkts) 

TOTAL  TIME 
DELAY  PKTS 
COMPLETING  TRIP 
(in  secs) 

AVERAGE  TIME 
IN  QUEUE  PKTS 
COMPLETING  TRIP 
(in  secs) 

AVERAGE  QUEUE 
SIZE 

(in  pkts) 


E  (T)  :  Average  value  of  time  delay. 

•L  :  Average  packets  per  second  entering  the  network. 

This  results  confirm  that  the  protacol  behaves  correctly  for 
different  traffic  situations  and  conforms  with  the 
theoretical  values  expected. 

A  series  of  tests  where  performed  using  unbalcinced 
traffic  generation  patterns,  to  investigate  protocol 
performance  under  these  conditions.  The  results  of  course 
showed  that  for  unbalanced  traffic  situations  performance 
degraded,  due  to  the  use  of  routing  fractions  which  where 
calculated  for  a  different  (uniformly  distributed)  traffic 
load. 

For  the  static  routing  case,  then,  an  estimation  of  the 
traffic  distribution  is  of  primary  impcrtancs  if  routing 
fractions  are  to  be  used,  since  the  procedure  used  for  their 
calculation  will  render  a  set  of  routing  fractions  which  are 
optimal  only  for  that  traffic  distribution.  This  result 
allows  us  to  anticipate  that  for  the  dynamic  case  (where 
recalculation  of  the  routing  fractions  to  be  used  by  the 
protocol  will  oe  dons  when  'variations  in  traffic 
characteristics  or  topology  in  the  network  warrant  it)  ,  the 
protocol  should  render  as  good  results  as  for  the  static 
case,  since  this  recalculation  procedure  will  maintain  the 
routing  fractions  suited  for  existing  conditions  in  the 
network.  The  main  consideration  will  then  be  to  determine 
when  this  routing  fraction  recalculation  should  be  done. 

A  minimum  number  of  hops  (minimum-hops) ,  single-path, 
static  routing  protocol  was  also  calculated,  as  indicated  in 
Appendix  C.  Simulation  runs  where  performed  for  the 
minimum-hops  and  routing-fraction  protocols  under  the  same 
conditions  to  determine  their  relative  performance.  Results 
showed  that  the  maximum  load  that  the  minimum-hops  protocol 
could  handle  before  saturation  was  335  packets-per-second 
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into  th9  network  (see  Figure  D,2  of  Appendix  D)  ,  This  load 
is  23!l  lower  than  the  one  found  for  the  routing-fracTion 
protocol. 

As  shown  in  Table  II  and  Figures  D.3  to  D.6  of  Appendix 
D,  perforaance  of  the  routing-fraction  protocol  for  the  335 
packets-per-second  load  was  found  to  be  significantly  better 
than  the  perforaance  of  the  ainiaua-hops  protocol  with  the 
saae  traffic  load. 

TABLE  II 

PEBFOBBAHCE  COHFARISON 


R01ININ3  AVERAGE 
PKTS  IN 
NETWORK 
(in  pkts) 


TOTAL  TIME 


DELAI  PKTS 


COMPLETING  TRIP 
(in  secs) 


AVERAGE  TIME 
IN  QUENE  PKTS 
COMPLETING  TRIP 
(in  secs) 


AVERAGE  QUBOE 
SIZE 

(in  pkts) 


ROUTING 

FRACTION 


33  5  msg/sec 
1  pkt/msg 


50.31 


0.148 

0.052 


0.297 


MINIMUM 

HOPS 

335  asg/sec 
1  pkt/msg 


102.34 


0.301 


0.211 


1. 1  98 


From  the  different  status  ani  statistical  inforaation 
gathered  by  the  events  and  routines  of  the  simulation 
program,  the  "Running  Average  of  Packets  in  the  Network", 
"Average  Totad  Trip  Time",  "Average  Time  in  Queue",  and 
"Average  Queue  Size",  where  found  to  give  the  best 
indication  of  the  way  the  protocol  handled  the  traffic 
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daring  the  siaalatlon,  and  therefore  were  prefered  as 
performance  measures  and  for  comparison  between  protocols. 
In  a  similar  way  "Maxima a  Link  Dtilization"  and  "Total 
Number  of  Packets  Still  in  the  Network",  gave  us  a  better 
indication  of  the  maximum  traffic  loads  the  routing  protocol 
could  handle. In  addition  "Number  of  Packets  that  completed 
Trip"  when  compared  with  "Number  of  Packets  Generated" 
indicated  the  protocol's  throughput  performance. 

Throughout  our  research  the  use  of  the  graphing  programs 
of  Appendix  F  and  Appendix  G  proved  to  be  extremely  useful 
since  they  provided  an  excellent  means  of  visualizing  and 
comparing  large  amounts  of  information.  A  sample  output  of 
some  of  the  plots  these  programs  can  produce  is  shown  in 
Appendix  D. 

A  comparison  was  done  between  the  virtual  circuit 
service  and  datagram  service  configurations.  For  this 
comparison  we  used  the  successive  saturation  set  of  routing 
fractions,  uniformly  distributed  traffic  and  link  capacities 
set  to  20,000  bits-per-second.  Results  showed  that  there  is 
no  significant  difference  between  the  two.  This  similarity 
is  explained  by  the  fact  that  the  routing  fractions  used 
remain  fixed  throughout  the  simulation  run  and  thus  no 
difference  is  introduced  by  selecting  the  complete  route  of 
the  message  at  the  time  it  is  generated. 

All  the  tests  mentioned  previously  where  done  using  a 
set  of  routing  fractions  generated  by  the  Successive 
Saturation  method.  As  indicated  in  Chapter  III  Section  E, 
another  way  of  calculating  rouxing  fractions  is  the  Maximum 
Slack  method.  In  order  to  determine  their  relative 
performance,  several  simulation  tests  where  performed  using 
routing  fractions  calculated  by  the  Successive  Saturation 
method,  and  then  repeated  under  the  same  conditions  using 
routing  fractions  calculated  by  the  Maximum  Slack  method. 


Besults  showed  that  for  a  network  with  excess  carrying 
capacity,  i.e. ,  traffic  load  auch  lower  than  the  saturacion 
load,  the  Haxiaua  Slack  sat  of  routing  fractions  performed 
equally  to  the  Successive  Saturation  set.  For  the  case  of 
traffic  load  near  the  saturation  load,  the  Successive 
Saturation  set  performed  better,  and  even  gave  a  higher 
level  of  saturation  load.  This  difference  in  performance  is 
explained  by  the  fact  that  when  calculating  the  routing 
fractions  using  the  Saximum  Slack  method,  we  maximize  the 
sum  of  the  slack  saturation-ratio  of  all  links,  which  tends 
to  saturate  more  the  links  with  higher  capacity.  In 
contrast,  in  the  Successive  Saturation  method  we  tend  to 
distribute  saturation  more  uniformly  among  the  links. 

The  maximum-slack  routing  fractions  will  therefore  tend 
to  use  the  excess  capacity  of  the  network,  when  there  is 
some,  and  its  performance  then  approaches  that  of  the 
successive-saturation  set.  Hhen  there  is  no  excess  capacity 
in  the  network  (near  the  saturation  load)  ,  the  routing 
fractions  calculated  by  the  successive-saturation  method 
make  better  use  of  the  available  capacity,  by  spreading  the 
traffic  more  uniformly  over  the  network,  and  thus  have  a 
better  performance. 

Comparison  was  also  made  between  the  maximum  slack  set 
of  routing  fractions  and  the  minimum-hops  protocol.  The 
saturation  load  of  maximum-slack  routing  fractions  was  420 
packets-per-second,  while  for  minimum-hops  protocol  it  was 
335  packers -per -second,  which  is  19{  lower  than  the  former. 
As  shown  in  Table  III,  for  the  335  packets-per-second  load 
we  found  that  the  maximum  slack  set  of  routing  fractions 
also  rendered  a  much  better  performance  than  the 
minimum-hops  protocol. 

From  these  results  we  nay  conclude  that  the 
routing-fraction  protocol  is  a  much  better  alternative  for 
static  routing  applications  than  the  minimum-hops,  single 


PEBFOEH&HCE  COHPABISOH 


RUNHIN3  AVERAGE 
PKTS  IK 
NETROBK 
(in  pkts) 

TOTAL  TIHE 
DELA7  PKTS 
cohpletihg  trip 
(in  secs) 

AVERAGE  TIHE 
IN  gOEOB  PKTS 
COHPLETING  TRIP 
(in  sacs) 


AVERAGE  QOEnE 
SIZE 


(in  pkts) 


HAXIHUH 

SLACK 

33  5  asg/ss: 
1  pkt/asg 


<19.77 


0.146 


0.052 

0.297 


HISIMDM 

HOPS 

335  Bsg/sec 
1  pkr/iBsg 


102.34 


0.301 


0.211 


1.  198 


path  routing  protocol.  In  aiSitionr  the  successive 
saturation  net  hod  should  always  be  used  when  working  with 
traffic  loads  that  are  close  to  the  saturation  load,  and  the 
■aziauB  slack  aethod  should  only  be  used  when  there  is 
enough  excess  capacity  in  the  network  (compared  to  the 
saturation  load) ,  or  when  simplicity  in  the  calculation  is 
required. 

B.  BECOBHENDATIONS  FOB  FOIUBE  STUD! 

The  present  study  was  done  keeping  in  mind  the  future 
use  of  some  of  its  contents  for  the  invest iga'- ion  of  the 
perforaance  of  routing  fractions  in  a  dynamic  routing 
application.  Additions  have  been  aade,  when  possible,  of 
aechanisBS  that  will  facilitate  this  future  work. 
Furthermore,  provisions  have  been  made  in  the  simulation 


program,  to  allow  for  the  insertion  of  a  subprogram  to 
recalculate  the  values  cf  the  routing  fractions. 

For  the  analysis  of  the  static  case,  status  and 
statistical  information  was  obtained  mainly  from  events 
•NET. REPORT'  and  'DATA. COLLECTION',  which  use  a  time  basis 
from  the  start  of  the  simulation  up  to  event  execution  time 
("total-time")  ,  In  contrast  data  from  routines 

'PERIOD.  REPORT  '  and  'COLLECT. PERIOD.  DATA' ,  which  use  a  time 
basis  from  the  start  of  period  to  tie  end  of  the  same  period 
("period-time")  ,  was  used  mostly  for  validation  of 
total-time  data.  Nevertheless  we  have  designed  the  latter 
with  similar  capabilities  for  gathering  status  and 
statistical  information  about  the  simulation  as  the  former. 
This  is  because  we  expect  the  period-time  data  to  become  the 
pr.efered  source  of  information  for  the  analysis  of  the 
dynamic  case,  given  the  periodical  nature  of  its  process. 
»e  can  also  anticipate  that  the  gueue  size  and  link 
utilization  measurements  will  play  an  important  rol  in  the 
decision  cf  when  to  recalculate  the  values  of  the  routing 
fractions,  since  their  values  directly  reflect  when  a  link 
is  being  saturated. 

The  built-in  capability  of  the  simulation  program  to 
configure  the  network  to  provide  7irtual  Circuit  service 
should  also  become  an  important  subject  of  investigation  for 
the  dynamic  case.  This  aspect  becomes  more  evident  if  we 
recognize  that  for  this  case  routing  fractions  will  change 
their  values. from  time  to  time,  and  thus  mixtures  of  virtual 
circuits  created  using  different  sets  of  routing  fractions 
will  exist  simultaneously  in  the  network,  the  interactions 
among  which  should  be  studied. 
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6BHERATI0H  OP  GEOHBTRICALLT  DISTBIBOTEO  NUHBER  OF  PACKETS 


The  Geometric  distribation  is  closely  related  to  the 
Binomial  distr  ibuticn.  The  variaols  in  the  Geometric 
distribution  is  the  number  of  trials  preceding  the  first 
success,  in  a  sequence  of  indepeaiaar  Binomial  trials  with 
probability  of  occurence  equal  to  "p”.  Its  probability 
density  function  (PDF)  is: 


P  (1  -  P» 


for  X  ~  1,  2,  3  f  m  m  m 


f(x) 


otherwise 


The  mean  of  the  Gecmetric  distribation  is  (1/p)  and  the 
variance  (1-'P)/p2.  A  Geometrically  distributed  random 
number  can  be  generated  directly  from  a  standard 
uniformly-distributed  number,  by  mapping  it  to  the  Geometric 
cammulative  distribution  function  (CDF).  Ihe  CDF  of  the 
Geometric  distribution  is: 


1  -  (1-p) 


for  x  ~  1,  2,  3,... 


F(X) 


for  X  <  1 


Let  ■”y"  be  a  number  uniformly  distributed  between  0.0  and 
1.0,  then: 


y  »  1  -  (1-p) 


1  -  y  a  (1-p) 

In  (1-y)  «  X  In  (1-p) 

X  »  In(l-y)  /  la  (1-p) 


since  "y"  is  uniforaly  distributed  from  0.0  to  1.0#  then 
(1-y)  will  also  be  unifotely  distributed  from  0.0  to  1.0, 
therefore: 

X  *  la(y)  /  lii(1“P» 

lie  must  then  round  ’'x”  to  the  closest  integer  that  is  higher 
or  egual  to  it  (since  the  Geometric  is  a  discrete 
distribution),  to  get  the  value  of  the  random  number  we  are 
looking  for. 

To  determine  the  number  of  packets  for  each  message 
generated  during  the  simulation  run,  we  follow  this 
procedure,  and  assign  the  value  of  the  number  obtained  to 
the  variable  *N0a.  PKTS*.  This  variable  is  then  used  by  the 
program,  to  control  the  number  of  packets  generated  for  the 
message. 
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iPPBHDIX  C 

HIIIBUH  NUBBEB  OF  HOPS  SINGLE  P&IH  BOOTING  TABLE 


To  calculate  the  values  of  a  minimus  number  of  hops 
(minimum-hops)  single  path  routing  table  for  the  network  of 
our  study  (see  Figure  4.1  of  Chapter  IV)  ,  where  all  links 
have  equal  weight,  we  used  the  networks  symmarry  to  simplify 
the  procedure.  He  therefore  divided  tha  process  into  rhe 
following  4  steps: 

1)  Find  the  sink-tree  (set  of  routes  for  packets  from  all 

nodes  to  the  node  selected)  for  one  of  the  nodes 
located  at  the  external  vertices  of  the  network.  The 
resulting  sink-tree  shown  in  Figure  C.  1 ,  can  then  be 
transformed  into  a  sink-tree  for  the  rest  of  the  nodes 
located  at  external  vertices  of  the  network,  by  simply 
rotating  it. 

2)  Bepeat  tha  procedure  mentioned  before  but  this  time  for 

nodes  located  at  internal  vertices  of  the  network.  The 
resulting  sink-tree  is  shown  in  Figure  C.2. 

3)  Find  the  sink-tree  for  the  node  located  at  the  center  of 

the  network.  The  resulting  trea  is  shown  in  Figure 

C.  3. 

4)  Using  the  foregoing  sink-trees  construct  the 

corresponding  routing  table.  The  resulting  table  is 
shown  in  Table  IV  .  The  left  column  indicates  the 
sending  node,  the  upper  row  indicates  tha  destination 
node,  and  the  contents  of  tha  table  indicates  the  node 
via  which  traffic  has  to  be  sent. 


ss 


NETWORK 


FLOWS 


Figure  C. 3  SIHK-TfiEE  FDS  CEHTHAL  NODE. 
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iPPEMDIX  D 

GRAPHIC  EEPBESBHIATIOM  OP  DATA  COLLECTED  DOBING  SIHOLATION 

The  following  plots  where  obtained  using  the  graphing 
programs  of  Appendixes  E  and  P.  Due  to  space  constraints 
only  the  most  important  data  is  shown  plotted. 

Figure  D.  1  shows  the  number  of  packets  still  in  the 

network  for  '4U0  packets-per-seconi  (saturation  load)  ,  and 
460  packets-per-second  (higher  than  saturation  load)  for  the 
routing-fraction  protocol. 

Figure  D.  2  shows  the  number  of  packets  still  in  the 

network  for  335  pac kets-pa r-secon3  (saturation  load) ,  and 
350  packets-per-second  (higher  than  saturation  lead)  for  the 
minimum  number  of  hops  (minimum-hops)  protocol. 

Figures  D.  3  to  D.6  represent  a  graphic  comparison  of 
data  collected  during  simulation  of  the  routing-fraction  and 
minimum-hops  protocols,  for  the  335  packets-per-second  load. 
The  upper  plot  of  each  figure  corresponds  to  data  from  the 
rout ing- fraction  protocol,  and  the  lower  plot  to  data  from 
the  minimum-hops  protocol. 
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APPENDIX  E 


SIMULATION  PROGRAM 
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-APPENDIX  F 

-PROGRAM  TO  GRAPH  GENERAL  STATISTICS  OF  THE  SIMULATION  RUN 
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